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FIFTH SEMIANNUAL MEETING 
of the 
ACOUSTICAL SOCIETY OF AMERICA 
CAMDEN, NEW JERSEY 


; 
May 4 and 5, 1931 
‘ 


N May 4th and 5th the Acoustical Society of America 
O will meet in Camden, New Jersey, at the invitation of 
the RCA Victor Company, Inc. An auditorium in one of 
the Company’s buildings is being provided for the meetings. 

Dr. Irving Wolff of RCA Victor Company has charge 
of the program. On the morning of May 4th, a symposium 
on musical instruments will be held with papers on the fol- 
lowing subjects: 

THE Musicat SCALE 
By Witit1am Braip Wuite, American Steel and Wire Company 
THE PIANO 
By Otto Ortmann, Peabody Conservatory of Music 
THE WIND INSTRUMENTS 
By Dayton C. MILLER, Case School of Applied Science 
THE STRING INSTRUMENTS 
By Jay C. Freeman, Wurlitzer and Company 

The afternoon of May 4th will be devoted to contributed 
papers. 

On the morning of May 5th, there will be a symposium on 
microphones in which the following persons will participate : 


H. A. Freperick, Bell Telephone Laboratories 
StTuarT BALLANTINE, Boonton Research Corp. 
H. F. Otson, RCA Photophone Inc. 

E. C. WENTE, Bell Telephone Laboratories 

O. B. Hanson, National Broadcasting Company 


The afternoon of May 5th will also be devoted to con- 
tributed papers. 


Mr. Joseph H. Nash, Chairman of the Arrangements Committee 
has sent the following information in regard to hotel accommoda- 
tions. The Walt Whitman Hotel is located in Camden only a few 
blocks from the RCA Victor plant and has offered special rates to 
members of the Society attending the meeting. This hotel can be 
reached from any of the Philadelphia railroad stations. The RCA 
Victor plant is located close to the Camden end of the Camden- 
Philadelphia bridge so it can be reached easily from the Philadelphia 
hotels located near the bridge. The Benjamin Franklin Hotel is 
located in Philadelphia not far from the bridge and has also offered 
special rates to members attending the meeting. 

















THE JOURNAL 


of the Acoustical Society of America 





Volume II 


APRIL - 19931 








MEMBERSHIP LIST 
of the 


ACOUSTICAL SOCIETY OF AMERICA 
MARCH, 1931 


HONORARY MEMBER 
Tuomas A. EpIson, Orange, New Jersey. 


SUSTAINING MEMBERS 
AMERICAN PIANO COMPANY 
AMERICAN SEATING COMPANY 
AMERICAN TELEPHONE AND TELEGRAPH COMPANY 
THE BALDWIN COMPANY 
BELL TELEPHONE LABORATORIES INC 
THE CELOTEX COMPANY 
C. G. Conn, Lrui1TED 
ELECTRICAL RESEARCH Propucts INC 
JoHNS-MANVILLE CORPORATION 
UnITED RESEARCH CORPORATION 





MEMBERS AND FELLOWS 
632 Members 128 Fellows 


Note: A name preceded by an asterisk (*) is that of a Fellow; all others are members. 
AssotT, E. J., University of Michigan, 153 East Physics Bldg., Ann Arbor, Mich. 
ABRAHAMS, A. I., 545 W. End Ave., New York, N.Y. 


ArreL, H. A., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 
*ANDERSON, G. R., University of Toronto, Toronto, Canada. 


401 





402 JOURNAL OF THE ACOUSTICAL SOCIETY [APR., 


Anpberson, H. G., Gay Engineering Corp. of Calif., 2650 Santa Fe Ave., Los Angeles, Calif. 
AnpREE, C. A., University of Wisconsin, Madison, Wis. 

Anway, FRrep L., The Insulite Co., 737 Conway Bldg., Chicago, Ill. 

ARMITAGE, Marte TeresA, c/o C. C. Birchard, 113 W. 57th St., New York, N.Y. 
ARMSTRONG, RALPH G., 29 Payne St., Hamilton, N.Y. — 

ARMSTRONG, WILLIAM T., RCA Photophone Inc., Keystone Bldg., 261 N. Broad St. 

Philadelphia, Pa. 

*ARNOLD, H. D., Bell Tel. Lab., 463 West St., New York, N.Y. 

AUERHAAN, JOSEPH J., 5716-4th Ave., Brooklyn, N.Y. 

AucsPurcER, O. H., 2536 Thompson Ave., Fort Wayne, Ind. 

AusTIN, Epwarp, Crosley Radio Corp., Cincinnati, Ohio. 

Ayars, Lewis S., Jr., c/o Johns-Manville Corp., 292 Madison Ave., New York, N.Y. 
Aycock, R. V., 1522 Grand Ave., Kansas City, Mo. 


Baper, C. A., 33 Olcott Dr., S. Manchester, Conn. 
BAGENAL, Hore, 36 Bedford Square, London, W.C.1, England. 
*BarLey, Austin, Development & Research Dept., American Tel. & Tel. Co., 195 Broadway, 
New York, N.Y. 
BarLey, W. K., The Geo. P. Little Co., 540 Free Press Building, Detroit, Mich. 
BAKER, LESTER W., 503 Peoples Life Ins. Bldg., Washington, D.C. 
BatcH, T. V., The E. F. Hauserman Co., Cleveland, Ohio. 
Batpur, B. E., 5241 N. Hoyne Ave., Chicago, III. 
*BALLANTINE, STUART, Radio-Frequency Lab., Boonton, N.J. 
BALSLEY, J. R., 1620 Benedict Canyon, Beverly Hills, Calif. 
BarsBerA, A. A., Weston Elec. Instrument Corp., 502 Delta Bldg., Los Angeles, Calif. 
BARDOLPH, JAMES T., 23 Melcombe Ct., Dorset Square, London, N.W.1, England. 
BARKER, Howarp, 1072 E. 6th S., Salt Lake City, Utah. 
BARTHOLOMEW, WILMER T., c/o Peabody Cons. of Music, Dept. of Research, Baltimore, 
Md. 
BATCHER, RALPH R., 11335-198th St., Hollis, P.O. Jamaica, N.Y. 
*BATEMAN, Harry, Calif. Inst. of Technology, Pasadena, Calif. 
BAUER, HAROLD, 321 W. 92nd St., New York, N.Y. 
BAvER, PAut S., Harvard University, Cruft Laboratory, Cambridge, Mass. 
Beas_ey, W. C., 2 E. Thirteenth Ave., Columbus, Ohio. 
Beck, CHARLES J., Bell Tel. Lab., 463 West St., New York, N.Y. 
BeDELL, E. H., Dept. 320, Bell Tel. Lab., 463 West St., New York, N.Y. 
Beprorp, A. V., 329 Germania Ave., Schenectady, N.Y. 
BEEHLER, VERNON D., c/o Armstrong Cork & Insulation Co., Lancaster, Pa. 
BexkeEsy, GEoRGE V., Fo utca 19, Budapest, Hungary. 
Bercer, Cart B., Berger Acoustical Co., 112 S. 16th St., Philadelphia, Pa. 
BerGMAN, HELMER, Metropolitan Sound Studios, Inc., 1040 Las Palmos Ave., Hollywood, 
Calif. 
BERLIN, H. R., Johns-Manville Sales Corp., 292 Madison Ave. at 41st St., New York. N.Y. 
Berry, F. E., Jr., 182 Tremont St., Boston, Mass. 
BETTONEY, Harry, Cundy-Bettoney Co., Jamaica Plain, Boston, Mass. 
Brruuser, P. H., c/o Steinway & Sons, 109 W. 57th St., New York, N.Y. 
Bircu, A. G., Heat & Sound Insulation Ltd., 16 Northumberland Ave., London, W.C.2. 
England. 
BisBEE, F. C., Elec. Research Prod. Inc., 250 W. 57th St., New York, N.Y. 
Brack, K. CHartton, Boonton Research Corp., Boonton, N.J. 











Calif. 


1 St. 


lway, 


more, 


vood, 


N.Y. 





1931] MEMBERSHIP LIST 403 


Brack, W. L., Dept. 310, Bell Tel. Lab., 463 West St., New York, N.Y. 

BiackMAN, R. B., Dept. 320, Bell Tel. Lab., 463 West St., New York, N.Y. 

*BLACKWELL, O. B., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 

*BLATTNER, D. G., Bell Tel. Lab., 463 West St., New York, N.Y. 

BiopcETT, MAtcoitm, R. Guastavino Co., 40 Court St., Boston, Mass. 

BLokHuts, GossE, 41 rue du Taciturne, Brussels, Belgium. 

BiupworTH, T. F., 79 Fifth Ave., New York, N.Y. 

BoLAND, JOHN, Box 29 Grand Central P.O., New York, N.Y. 

BonELL, R. K., Bell Tel. Lab., 463 West St., New York, N.Y. 

Bostwick, L. G., Dept. 320, Bell Tel. Lab., 463 West St., New York, N.Y. 

Bourne, R. B., c/o The Maxim Silencer Co., 410 Asylum St., Hartford, Conn. 

Bovett, J. B., c/o Fred J. Burt Co., Chimes Bldg., Syracuse, N.Y. 

Boyer, M. R., 400 Memorial Dr., Cambridge, Mass. 

Bratey, S. A., Mellon Institute, University of Pittsburgh, Pittsburgh, Pa. 

Braun, A. F., 1845 N. Wilton Pl., Los Angeles, Calif. 

Brown, D. M., Alexander Murray & Co., Ltd., 4035 Richelieu St., Montreal, Canada. 

Brown, J. T. Linpsay, 4 Chester Pl., Tomkinsville, S.I. 

BROWN, LEANDER, 135 Spring St., Rochester, N.Y. 

Brown, Rottiin H., 22 Forest Rd., Sharon, Mass. 

Brown, WILLIAM J., Jr., 75 Paterson Ave., Paterson, N.J. 

BROWNELL, CHARLES E., 11 Mountainview PIl., Montclair, N.J. 

Brunn, Crair G., 121 E. 7th St., Cincinnati, Ohio. 

Bruz.in, Atrrep C., 10424 Ilona Ave., Los Angeles, Calif. 

BucHAnan, W. H., P.O. Box 1392, Shreveport, La. 

Butt, A. S., c/o Insulite Products Corp., Ltd., Tenter St., Moorfields House, London, 
E.C.2 England. 

Butt, R. A., Western Electric Co., Bush House, London, England. 

BuMBAUGH, Haroxp L., 215 S. New Hampshire Ave., Los Angeles, Calif. 

Burcess, C. F., C. F. Burgess Laboratories, Inc., Madison, Wis. 

Burns, R. O., Jr., Elec. Research Prod. Inc., 250 W. 57th St., New York, N.Y. 

Burt, Frep J., The Fred J. Burt Co., 605 Genesee Bldg., Buffalo, N.Y. 

Burt, KATHLEEN CRAYTON, The Fred J. Burt Co., 605 Genesee Bldg., Buffalo, N.Y. 

Burt, L. D., Rocky Mountain Celotex Co., 1735 Stout St., Denver, Colo. 

BurRWELL, Marvin, 4241 St. Lawrence Ave., Cincinnati, Ohio. 

Buscu, Epwin H., Jr., Johns-Manville Corp., 230 N. Michigan Ave., Chicago, III. 

BusH, Donatp A., The Fred J. Burt Co., 605 Genesee Bldg., Buffalo, N.Y. 


CasoT, SAMUEL, 141 Milk St., Boston, Mass. 
Cameron, J. A., Elec. Research Prod. Inc., Rm. 400, 910 S. Michigan Ave., Chicago, III. 
CAMPBELL, C. Hore, Celotex Co. of Great Britain Ltd., 325 Australia House, Strand, 
London, W.C.2 England. 
*CAMPBELL, G. A., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 
CaMpBELL, Howarp E., c/o Pathe Cinema, 117 Bould Haussmann, Paris, France. 
Canac, Francots, Laboratoire du Centre d’Etudes, Toulon, France. 
CaNnNoN, EvcENE J., Cork Insulation Co., Inc., 354 Pine St., San Francisco, Calif. 
CAPORALE, PETER, 1603 Ellsworth St., Philadelphia, Pa. 
Cartson, C. H., United States Gypsum Co., New York, N.Y. 
CaRPENTER, G. Davis, 24 Johnson Rd., Arlington, Mass. 
Carr, Maurice L., Pittsburgh Testing Lab., P.O. Box 1115, Pittsburgh, Pa. 
Carter, C. W., Jr., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 








404 JOURNAL OF THE ACOUSTICAL SOCIETY _ [Apr., 


*CARTY, JOHN J., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 
CASSEBEER, THEODORE, c/o Steinway & Sons, Ditmars Blvd. & 45th St., Steinway, Long 
Island City, N.Y. 
CASTNER, THEODORE G., Bell Tel. Lab., 463 West St., New York, N.Y. 
Cuampers, J. A., Crosley Radio Corp., 3401 Colerain Ave., Cincinnati, Ohio. 
CHAMBERS, JOHN A., Johns-Manville Corp., 292 Madison Ave., New York, N.Y. 
CHansky, L. W., Apt. 524, 5550 Kenmore Ave., Chicago, IIl. 
*CHARLESWORTH, H. P., Bell Tel. Lab., 463 West St., New York, N.Y. 
*CHRISLER, V. L., Dept. of Commerce, Bureau of Standards, Washington, D.C. 
CHURCHMAN, HAroxp, 45 The Grove, Hammersmith London, W.6 England. 
CrorFr1, Paut P., Bell Tel. Lab. Inc., 463 West St., New York, N.Y. 
Crapp, J. K., General Radio Co., 30 State St., Cambridge, Mass. 
*CLARK, A. B., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 
Crark, L. E., c/o Pathe Studios Inc., Culver City, Calif. 
CLARK, WALTER W., Victor Talking Machine Co., Camden, N.J. 
CLARKE, CAROLE A., Bell Tel. Lab. Inc., 463 West St., New York, N.Y. 
CuisE, J. W., Jr., Asbestos Covering & Sup. Co., 1037 6th Ave. S., Seattle, Wash. 
Cocxapay, L. M., Radio Editor, Herald Tribune, New York, N.Y. 
Cocker, G. G., The Fred J. Burt Co., 605 Genessee Bldg., Buffalo, N.Y. 
CoHAN, Harry, The Vitaphone Corp., 5842 Sunset Blvd., Los Angeles, Calif. 
Cote, D. M., Elec. Research Prod. Inc., 250 W. 57th St., New York, N.Y. 
*Co.pitts, E. H., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 
CoLTon, RoceEr B., Quarry Heights, Panama Canal Zone. 
*COLWELL, Rost. C., 332 Demain Ave., Morgantown, W.Va. 
Conrow, L. W., Elec. Research Prod. Inc., 250 W. 57th St., New York, N.Y. 
Cootry, E. H., RCA Victor Co., Engineering Dept., Camden, N.J. 
*Coox, H. L., Princeton University, Princeton, N.J. 
Cook, S. P., c/o Ralph Renwick, 612 N. Michigan Ave., Chicago, IIl. 
CoRNWELL, L. B., The Amplion Corp. of America, 133 W. 21st St., New York, N.Y. 
CoTTRELL, McKenzie S., 1426 Sumner Ave., Schenectady, N.Y. 
Cowan, F. A., Long Lines Eng. Dept., American Tel & Tel. Co., 15 Dey St., New York, 
N.Y. 
Cowan, LEsTEr T., Academy of Motion Picture Arts & Sciences, Room 212, Professional 
Bldg., 7046 Hollywood Blvd., Hollywood, Calif. 
CowELs, N. P., c/o Acoustical Construction Corp., 369 Lexington Ave., New York, N.Y. 
CRAMER, R. L., Western Asbestos Magnesia Co., 21-29 S. Park, San Francisco, Calif. 
CRAWFORD, JOHN, The Sun Life Assurance Co. Ltd., Dominion Square, Montreal, Canada. 
Crom, Georce C., Jr., c/o Bludworth Inc., 79 Fifth Ave., New York, N.Y. 
CRowLEY, J. C., Elec. Research Prod. Inc., 250 W. 57th St., New York, N.Y. 
Crozier, W. D., North Liberty, Iowa. 
CUTHBERTSON, H. B., Paramount News, 544 W. 43rd St., New York, N.Y. 


D’AcosTINOo, JosEPH, National Broadcasting Co., 711 Fifth Ave., New York, N.Y. 
Darnes, C. H., Ferro Bldg. Prod. Co. Inc., 420 Lexington Ave., New York, N.Y. 
Dat.in, E. B., 84 Oakland Ave., Arlington Heights, Mass. 

Davipson, H. W., Elec. Research Prod. Inc., 250 W. 57th St., New York, N.Y. 
Davipson, J. A., Housing Co., 60 E. 42nd St., New York, N.Y. 

*Davis, A. H., 69 Teddington Pk., Teddington Middlesex, England. 

Davis, E. F., General Insulating Prod. Co., 8821-15th Ave., Brooklyn, N.Y. 









Long 


York, 


ional 


1ada. 








1931] MEMBERSHIP LIST 405 


Davis, R. F., Operating & Eng. Dept., American Tel. & Tel. Co., 195 Broadway, New 
York, N.Y. 

Davis, W. B., Elec. Research Prod. Inc., 250 W. 57th St., New York, N.Y. 

Davison, Rosert L., The Architectural Record, 119 W. 40th St., New York, N.Y. 
Day, L. E., 10522 Putney Rd., Los Angeles, Calif. 

DEAGAN, JOHN C., P.O. Box 341, Hermosa Beach, Calif. 

Dean, C. E., Hazeltine Radio Lab., 333 W. 52nd St., New York, N.Y. 

Dean, W. T., Elec. Research Prod. Inc., 250 W. 57th St., New York, N.Y. 

Decker, E. C., Hampshire & Decker, Inc., 36th St. & Roland Ave., Baltimore, Md. 
De Ivernots, P. J., 2446 Rydal St., Crafton Hts., Pittsburgh, Pa. 

DELANEY, JOHN H., c/o Kendall & Delaney, 700 E. Florence Ave., Los Angeles, Calif. 
Detsasso, Lewis A., Dept. of Physics, University of California at Los Angeles, West Los 

Angeles, Calif. 

Detsasso, Leo P., University of California at Los Angeles, Los Angeles, Calif. 
Dennis, E. B., Jr., c/o Johns-Manville Corp., 292 Madison Ave., New York, N.Y. 
DeSart, A. W., Paramount Famous Lasky Corp., 5451 Marathon St., Hollywood, Calif. 
DevANE, J. F. X., 3250-81st St., Jackson Heights, Long Island, N.Y. 

Dickson, G. CoLttns, 652 N. Marengo Ave., Pasadena, Calif. 

Dickson, W. A., Paramount Famous Lasky Corp., 5451 Marathon St., Hollywood, Calif. 
DIERKING, EuGENE E., c/o Klein-Watson Co., 114 Wisconsin Ave., Milwaukee, Wis. 
DietzeE, E., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 

Dosson, GEORGE, Elec. Research Lab., 250 W. 57th St., New York, N.Y. 

Dockeray, F. C., 108 Montrose Ave., Delaware, Ohio. 

Dopp, L. E., University of California at Los Angeles, Los Angeles, Calif. 

Donovan, E. S., Ford Motor Co., Engineering Lab., Dearborn, Mich. 
*DorsEY, HERBERT GROVE, 3708-33rd Pl. N.W., Washington, D.C. 

Doupa, F. C., The Geo. P. Little Co., 1500 Leader Bldg., Cleveland, Ohio. 

Dovctas, Gorpon C., 301 N. Second St., Covina, Calif. 

DoutuHiT, MActeop L., 4647 Roosevelt Ave., Camden, N.J. 

Dowey, T. L., Elec. Research Prod. Inc., 250 W. 57th St., New York, N.Y. 
*DREHER, CARL, RCA Photophone Inc., 411 Fifth Ave., New York, N.Y. 

Drummonn, H.C., 902 Glenn Bldg., Atlanta, Ga. 

Dunk, JoHN L., 92 Cheriton Rd., Folkestone, England. 

Dup ey, BEVERLY, 544 W. Cathedral Parkway, New York, N.Y. 

Dubey, Boyp, Jr., American Piano Co., 684 Fifth Ave., New York, N.Y. 

Dunsar, J. Y., Smith-Murray, Inc., 821 Burnet Ave., Syracuse, N.Y. 

Duncan, Harry L., 35 Murray Ave., Ridgewood, N.J. 

Duncan, R. D., Jr., Wired Radio Inc., Ampere, N.J. 

Dunn, CuHarteEs F., 640 Electric Bldg., Omaha, Neb. 

Dunn, H. K., Dept. 320, Bell Tel. Lab., 463 West St., New York, N.Y. 
DunsHEATH, C. E., Insulation Sales Co., 604 Builders Exchange, Minneapolis, Minn. 


*EARHART, RoBERT F., Ohio State University, Columbus, Ohio. 
*EasTHAM, MELVILLE, General Radio Co., 30 State St., Cambridge, Mass. 
*EckHarptT, E. A., The Gulf Companies, 903 Law & Finance Bldg., Pittsburgh, Pa. 
EDENFIELD, D. S., 3432 Broadmoor Blvd., Shreveport, La. 
*Epwarps, Preston H., Sweet Briar College, Sweet Briar, Va. 
EISENBERG, J. GARRICK, 4914 Fountain Ave., Los Angeles, Calif. 
Extts, GeorcE D., 20654 Hillhurst Ave., Hollywood, Calif. 
Ey, H. B., Dept. 320, Bell Tel. Lab., 463 West St., New York, N.Y. 





406 JOURNAL OF THE ACOUSTICAL SOCIETY _ [Apr., 


ENGLIsH, C. A., United States Gypsum Co., 507 Architects Bldg., Los Angeles, Calif. 
EpsTEIN, S. B., c/o RCA Photophone Inc., 7000 Santa Monica Blvd., Hollywood, Calif. 
Err, H. A., The George P. Little Co., 1500 Leader Bldg., Cleveland, Ohio. 

Ernst, CHARLES E., c/o Carrier Engineering Corp., 850 Frelinghuysen Ave., Newark, N.J. 
Ervin, RusseEtt T., JRr., William Fox Studio, Sound Recording Dept., Hollywood, Calif. 
*ESPENSCHIED, L., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 

Evans, G. F., Canadian Johns-Manville Co., Ltd., 19 Front St. E., Toronto, Canada. 
Evans, P. H., The Vitaphone Corp., 1277 E. 14th St., Brooklyn, N.Y. 

Everitt, W. L., Dept. of Electrical Eng., Ohio State University, Columbus, Ohio. 
*EYRING, Cart F., Bell Tel. Lab., 463 West St., New York, N.Y. 


Farrsrass, G. F., Johns-Manville Corp., 230 N. Michigan Ave., Chicago, III. 
FAIRCHILD, F. EARLE, 30 Mountain Ave., Summit, N.J. 

FALCONER, DoNALD P., 1018 Maple Ave., Evanston, III. 

Fattass, C. H., c/o Celotex Co. of Great Britain, 325 Australia House, London, W.C.2 

England. 

FARNSWORTH, DANIEL W., Clove Rd., Little Falls, N.J. 
*Fay, Harotp J. W., c/o Submarine Signal Co., 160 State St., Boston, Mass. 

*Fay, RicHArD D., Mass. Inst. of Technology, Cambridge, Mass. 

FetcH, W. L., The Celotex Co., 101 Park Ave., New York, N.Y. 

*FIRESTONE, F. A., University of Michigan, Physics Dept., Ann Arbor, Mich. 

FitcH, A. L., University of Maine, Orono, Me. 

*FLANDERS, P. B., Dept. 320, Bell Tel. Lab., 463 West St., New York, N.Y. 

FLANnnaGAN, C., Elec. Research Prod. Inc., 250 W. 57th St., New York, N.Y. 

FLASTER, JAMEs Z., 931 N. Ridgewood Pl., Hollywood, Calif. 

FLEISCHMANN, LEON, 1540 Broadway, New York, N.Y. 

Frick, W. D., 10474 Almayo Ave., Los Angeles, Calif. 
*FLETCHER, Harvey, Bell Tel. Lab., 463 West St., New York, N.Y. 
*FoLey, ARTHUR L., Dept. of Physics, Indiana University, Bloomington, Ind. 

Foster, J. F., c/o Johns-Manville Corp., 230 N. Michigan Ave., Chicago, IIl. 

Foutps, Brarr, Electrical Research Prod. Inc., Acoustic Dept., 250 W. 57th St., New York, 

N.Y. 

*FowLer, EpMunp P., 114 E. 54th St., New York, N.Y. 

Fox, H. G., c/o Johns-Manville Corp., 6300 Euclid Ave., Cleveland, Ohio. 

FrackeEr, H. E., Paramount Famous Lasky Corp., 5451 Marathon St., Hollywood, Calif 
*FREDERICK, H. A., Bell Tel. Lab., 463 West St., New York, N.Y. 
*FreE, E. E., 175 Fifth Ave., New York, N.Y. 

FREEDMAN, Louts A., c/o Bell-Lite, Times Bldg., Times Square, New York, N.Y. 
FREEDMAN, SAMUEL, Pres. Qualitone Corp., 5360 Melrose Ave., Hollywood, Calif. 
FREERICKS, BERNARD, William Fox Studio, Sound Recording Dept., Hollywood, Calif. 
FREHAFER, M. KATHERINE, Goucher College, Baltimore, Md. 
*FrENCH, N. R., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 

Frew, D. V., R. V. Aycock Co., 1522 Grand Ave., Kansas City, Mo. 

Friesus, R. T., Electrical Research Products Inc., 250 West 57th St., New York, N.Y. 
Fry, C. D., c/o Johns-Manville Corp., 159 New Montgomery St., San Francisco, Calif. 
Futier, WELBIE L., U. S. Gypsum Co., 1028 Investment Bldg., Washington, D.C. 

Funk, J. E., Elec. Research Prod. Inc., 250 W. 57th St., New York, N.Y. 


Gatt, R. H., Dept. 320, Bell. Tel. Lab., 463 West St., New York, N.Y. 
GARDNER, Hervey S., F. E. Berry, Jr., & Co. Inc., 182 Tremont St., Boston, Mass. 














[ApR., 


Calif. 
1, Calif. 


vark, N.J. 
od, Calif. 


nada. 


w York, 


d, Calif 


¢ 
f. 
Calif. 


N.Y. 
0, Calif. 


1931] MEMBERSHIP LIST 407 


Gates, Geo. H., c/o Union Fibre Sales Co., Winona, Minn. 
*GauLT, Rost. H., Vibro-Tactile Research Lab., Northwestern University, Evanston, III. 
GERMOND, HA.tettT H., 2103 Monroe St., Madison, Wis. 
Grsson, Russet C., United States Gypsum Co., 1510 Candler Bldg., Atlanta, Ga. 
GitcHe_r, V. J., National Broadcasting Co., 711 Fifth Ave., New York, N.Y. 
GILDERSLEEVE, GLENN, State Board of Education, Capitol, Dover, Del. 
Gres, Joun H., The Insulite Co., 1100 Builders Exchange Bldg., Minneapolis, Minn. 
Gites, THomas, University of Utah, Salt Lake City, Utah. 
GLover, CHARLEs W., Abbey House Victoria St., Westminster S.W.1., London, England. 
*GLunT, O. M., Dept. 310, Bell Tel. Lab., 463 West St., New York, N.Y. 
GostE, R. B., The Geo. P. Little Co., 207 Fulton Bldg. Pittsburgh, Pa. 
GopsHo, ALBERT P., Bell Tel. Co. of Pa., 1835 Arch St., Philadelphia, Pa. 
GoEHNER, W. R., Dept. 310, Bell Tel. Lab., 463 West St., New York, N.Y. 
Gotp1n, Hyman, c/o L. P. Lazaret Co., 426 McGill St., Montreal, Canada. 
*GoLpsMITH, A. N., Radio Corp. of America, 411 Fifth Ave. New York, N.Y. 
Go.LpDsTEIN, Cart M., 23 Neue Winterfeld Strasse, Berlin, Germany. 
*GoLpsTEIN, M. A., 3858 Westminster Pl., St. Louis, Mo. 
GotpTHwWaAITE, DuVat R., c/o Dillon Read & Co., 28 Nassau St., New York, N.Y. 
Gooprin, A. B., Edgemont Manor Apts., 1716 N. Edgemont St., Hollywood, Calif. 
GoopricH, JoHN A., 333 N. Bronson St., Hollywood, Calif. 
Goopwin, Cuar es A., Dept. of Physics, University of Oregon, Eugene, Ore. 
Goopwin, FRANkK, Paramount Famous Lasky Corp., 5451 Marathon St., Hollywood, Calif. 
Gorpon, A. P., c/o Hamilton Co., Inc., 2127 Pine St., St. Louis, Mo. 
GraABAU, Martin, Divinity Hall 14, Cambridge, Mass. 
GRAHAM, FRANK H., Electrical Research Prod., Inc., 250 W. 57th St., New York, N.Y. 
GRAHAM, Vircit M., Stromberg-Carlson Tel. Mfg. Co. 1060 University Ave., Rochester, 
N.Y. 
Graninc, A. W., c/o Johns-Manville Corp., Cor. Magazine & Gravier St., New Orleans, 
La. 
Gray, C. H. G., 16 Collinwood Rd., Maplewood, N.J. 
GREAVES, Forp V., 524 Woodley Park Towers, Washington, D.C. 
GreEEN, E. I., Deve. & Research Dept., American Tel. & Tel. Co., 195 Broadway, New 
York, N.Y. 
GREEN, LoNSDALE, Jr., Acoustical Construction Corp., 369 Lexington Ave., New York, 
N.Y. 
GREENE, V. J., c/o Johns-Manville Sales Corp., 743 Henry Bldg., Seattle, Wash. 
GRIFFITH, JAMEs V., Pennington Apts., Apt. No. 312, 702 S. Kay St., Tacoma, Wash. 
Gricnon, L. D., Paramount-Publix Corp., Sound Dept., 5451 Marathon St., Hollywood, 
Calif. 
Grocan, M. E., U. S: Gypsum Co., 300 W. Adams St., Chicago, Ill. 
GrossMAN, E. F., Fox Movietone Studio, Beverly Hills, Calif. 
GRUETZKE, C. P., Jr., 1831 E. 34th St., Brooklyn, N.Y. 
GuaAsTAVINO, R., c/o R. Guastavino Co., Penna Bldg., New York, N.Y. 
Gunn, A. H., 221 Milburn St., Rochester, N.Y. 


Happock, A., Warner Bros. Pictures, Inc., 5842 Sunset Blvd., Los Angeles, Calif. 
HapFiEp, J. H., Hadfield Engineering Co., 831 W. 10th St., Los Angeles, Calif. 

Haic, W. ve H., c/o Messrs. Grindlay & Co., 54 Parliament St., London, S.W. England. 
Hates, Wayne B., Brigham Young University, Provo, Utah. 

Hak, G. W., College of the Pacific, Stockton, Calif. 





408 JOURNAL OF THE ACOUSTICAL SOCIETY  [Apr., 


*Hatt, Ermer E., University of California, Berkeley, Calif. 

HALL, WALTER E., M. C. Rosenblatt, Inc., 11 W. 42nd St., New York, N.Y. 

HALL, WILLIAM M., Massachusetts Institute of Technology, Cambridge, Mass. 

HALLER, GreorcE L., Hampton Hall, Pittsburgh, Pa. 

Harper, D. LeEonarp, 321 W. 44th St., New York, N.Y. 

Hatstrick, H. J., Elec. Research Prod., Inc., 250 W. 57th St., New York, N.Y. 
*Ham, L. B., New York University, Washington Square College, Dept. of Physics, Wash. 

Sq. E., New York, N.Y. 

Hameurcer, A., Ferro Bldg. Prod. Co., 420 Lexington Ave., New York, N.Y. 
*HAMMER, WILLIAM J., c/o The Shelton, 49th St. & Lexington Ave., New York, N.Y. 
*HAMMOND, JOHN H., Jr., Hesperus Ave., Gloucester, Mass. 

*HannaA, C. R., Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 

Hannau, W. J., Rothermel Corporation, Ltd., Tremlett Grove Junction Rd., Highgate, 
London, England. 

HannaMm, G. C., Rubberstone Corp., 1 Madison Ave., New York, N.Y. 

HANSEN, FRANKLIN, Paramount Famous Lasky Corp., £451 Marathon St., Hollywood, 
Calif. 

*Hanson, O. B., National Broadcasting Co., 711 Fifth Ave., New York, N.Y. 

Hanson, Rost. L., Lehigh University, Bethlehem, Pa. 

HarpavucH, D. F., The Harbaugh Process Co., 2258 S. Union Ave., Chicago, IIl. 

Harcus, Witmore C., 108 N. Harvard, Hollywood, Calif. 

Harcitt, T. F., 207 W. Kelsey St., Bloomington, Il. 

Harker, G. HERRENDEN, “Moorecote” Henllys Rd., Cyncoed Cardiff, Wales. 

Harper, Georce A., Bankers Life Co., Des Moines, Iowa. 

Harris, FREDERICK M., 87 N. Arlington Ave., East Orange, N.J. 

Harrison, FRANK, 324 N. Mathews St., Los Angeles, Calif. 

*Harrison, H. C., Bell Tel. Lab., 463 West St., New York, N.Y. 

*HarTLEY, R. V. L., Dept. 320, Bell Tel. Lab., 463 West St., New York, N.Y. 

Hastincs, F. B., Acousti-Service Co., 203 E. 44th St., New York, N.Y. 

Haus, Irvin J., RCA Photophone Inc., 438 W. 37th St., New York, N.Y. 

HAveEN, WILt1AM L., United States Gypsum Co., 17 State St., New York, N.Y. 

Haves, HamMmonp V., 160 State St., Boston, Mass. 

*HAveEs, Harvey C., 3216 Newark St., Washington, D.C. 

HayMAN, Ear S., 62214 N. Plymouth Blvd., Apt. 10, Los Angeles, Calif. 

HErLprin, Wo. A., American Acoustic Co., 124 N. Third St., Philadelphia, Pa. 

HENDERSON, T. S., Pegue Midton Rd., Prestwick, Scotland. 

HENNs, Joun A., c/o Everett Piano Co., South Haven, Mich. 

Henry, A. F., Acousti Engineering Co., 322 Mortgage Guarantee Bldg., Atlanta, Ga. 

Hersst, P. J., General Elec. Co., 1 River Rd., Schenectady, N.Y. 

*Hew_ett, C. W., General Electric Co., 1 River Rd., Schenectady, N.Y. 

HissHMAN, Roy S., Motor Player Corp., 340 W. Huron St., Chicago, III. 
*HickMAN, C. N., 3536-79th St. (Jackson Heights), Flushing, N.Y. 

Hiccrns, E. W., 250 Park Ave., New York, N.Y. 

Hicu, J. S., 179 Kendall Blvd., Oaklyn Manor, Camden, N.J. 

Hitt, A. P., Electrical Research Prod., Inc., 7046 Hollywood Blvd., Hollywood, Calif. 

Hi11, RoBert, c/o Foster-Armstrong Co., East Rochester, N.Y. 


Hixurarp, J. K., United Artists Studio Corp., 1041 N. Formosa Ave., Hollywood, Calif. 


Hitson, E. A., Paramount Famous Lasky Corp., 5451 Hollywood, Calif. 
Hopce, CHARLES W., 439 S. Catalina Ave., Los Angeles, Calif. 
Honce, W. J., c/o Johns-Manville Corp., 230 N. Michigan Ave., Chicago, IIl. 






































































1931] MEMBERSHIP LIST 409 


Hoevet, H. F., Cork Foundation Co., 207 E. 43rd St., New York, N.Y. 
HorrMan, T. B., 5021 Ambrose Ave., Hollywood, Calif. 
*HocaNn, JoHN V. L., 41 Park Row, New York, N.Y. 

Horsrook, R. F., c/o Johns-Manville Corp., 230 N. Michigan Ave., Chicago, III. 
HotcomseE, H. W., 321 W. 94th St., New York, N.Y. 

Hot~MAN, RicHarp F., Masonite Corporation, 723 Pacific National Bldg., Los Angeles, 

Calif. ; 

HottsMarkK, J. P., Fysisk Institute, Trondhjem, Norway. 

Hopkins, H. F., 6604 N. Campbell Ave., Chicago, II. 

Hopper, FRANCIs L., 599 S. Hudson Ave., Pasadena, Calif. 

*HorTon, J. W., General Radio Co., 30 State St., Cambridge, Mass. 

Hotorp, ALFRED H., Jr., 45 Hillside Ave., Caldwell, N.J. 
' Howarp, T. C., R. Guastavino Co., 40 Court St., Boston, Mass. 
{ Howe, A. B., 87 Kings Ave., Clapham Park, London, S.W.4 England. 

Howe, Morcan R., Kobold Corporation, 6818 Santa Monica Blvd., Los Angeles, Calif. 
Hoyt, Ray S., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 
*HuBBARD, B. R., 29 Lynde St., Melrose, Mass. 
*HussarD, J. C., Johns Hopkins University, Baltimore, Md. 
HucHeEs, LEsiie E. C., 63 Curzon St., London, W.1 England. 

' Hucues, W. E., “Icarus” Penshurst Gardens, Edgware, Middlesex, England. 
' Hutan, A. G., RCA Photophone, Inc., 438 West 37th St., New York, N.Y. 


igate, 


yvood, 


Humpnurey, H. C., Electrical Research Lab., 250 W. 57th St., New York, N.Y. q 
*HuNT, FRANKLIN L., Bell Tel. Lab., 463 West St., New York, N.Y. \¥ 
Hunt, FREDERICK V., 20 Conant Hall, Cambridge, Mass. 

Hunter, R. A., Wood Conversion Co., 122 E. 42nd St., New York, N.Y. . 
Hurwsvut, Terry A., Electrical Research Products, Inc., 250 W. 57th St., New York, N.Y. \ 
HutTster, Georce B., c/o C. O. Nalley, Box No. 1, Woodsfield, Ohio. 


IcHTuRA, TsuUyosHI KEN, Dept. of Arch., in Faculty Engineering, Tokyo Imperial Uni- 
versity, Hongo-Ku, Tokyo, Japan. 

IKETANI, SADAO, 146 Tsunohazu Yodobashi-machi, Tokyo-fu, Japan. 

INGHAM, FRANK, Brit. Broadcasting Corp., Res. Dept., Avenue House, King’s Ave., Clap- 
ham London, S.W.4, England. 

Incuts, A. H., American Telephone & Telegraph Co., 195 Broadway, New York, N.Y. 

IRwIN, J. B., Electrical Research Products, Inc., 250 W. 57th St., New York, N.Y. 


Jacos, Cary F., 10 West Street, Northampton, Mass. 
Jacoss, C. R., 119 Union Turnpike, Kew Garden, L.I., New York. 
Jacosson, M. G., General Electric Co., 1 River Rd., Schenectady, N.Y. 
Jenkins, R. T., Bell Tel. Lab., Dept. 320, 463 West Street, New York, N.Y. 4 
*JEWETT, F. B., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. } 
JoHNson, ALFRED J., York Band Instrument Co., Grand Rapids, Mich. 
Jounson, C. A., c/o Dr. E. E. Free, 175 Fifth Ave., New York, N.Y. of 
Jounson, Donatp S., 2656 Tanoble Dr., Altadena, Calif. 4 
*JoHNSON, K. S., Bell Tel. Lab., Dept. 320, 463 West St., New York, N.Y. | 
if. *Jones, A. T., Smith College, Northampton, Mass. 
Jones, BAssETT, Meyer, Strong & Jones, Inc., 101 Park Ave., New York, N.Y. 
calif. Jones, Extiott L., 6553 LaMirada Ave., Los Angeles, Calif. i 
Jones, G. S., General Insulating & Mfg. Co., Alexandria, Ind. 
*Jones, R. L., Bell Tel. Lab., Dept. 310, 463 West St., New York, N.Y. 4 
*JONES, WARREN C., Bell Tel. Lab., 463 West St., New York, N.Y. ; 


———— 


= ora 


410 JOURNAL OF THE ACOUSTICAL SOCIETY _ [Apr,, 


KAUFFMAN, CHARLEs C., Electrical Research Products, Inc., 250 W. 57th St., New York 
City. 
Kearns, E. J., Klein-Watson Co., 411 S. Chestnut St., Champaign, III. 
KEITH, JoHNn M., Johns-Manville Corp., 1705 Locust St., St. Louis, Mo. 
KELLER, A. C., Bell Tel. Lab., Dept. 320, 463 West St., New York, N.Y. 
*KELLOGG, Epwarp W., 17 S. Colonial Ave., Moorestown, N.J. 
Kettocc, G. D., c/o Johns-Manville Corp., 6300 Euclid Ave., Cleveland, Ohio. 
KELLocc, Witt1AM M., Bell. Tel. Lab., 463 West St., New York, N.Y. 
KELLY, CHARLES M., Jr., Electrical Research Products, Inc., 250 W. 57th St., New York, 
N.Y. 
*KELLY, JosEPH B., Bell Tel. Lab., 463 West St., New York, N.Y. 
Kern, LERoy E., American Inst. of Arch., Struc. Ser. Dept., 1741 New York Ave. N.W., 
Washington, D.C. 
KERNEY, IDEN, American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 
*KIMBALL, ARTHUR L., 1546 Wendell Ave., Schenectady, N.Y. 
KIMBALL, Harry R., 64 Park Ave., Bloomfield, N.J. 
*KinG, L. V., McGill University, Montreal, Canada. 
KincsBury, B. A., Bell Tel. Lab., Dept. 320, 463 West St., New York, N.Y. 
Kitson, F. C., c/o Johns-Manville Corp., 441-448 Petroleum Securities Bldg., Los An- 
geles, Calif. 
Ktetn, Ettas, U. S. Naval Research Lab., Bellevue (Anacostia), Washington, D.C. 
KNOLL, Lioyp M., 6120 Carpenter St., Philadelphia, Pa. 
*KNUDSEN, VERN O., University of California at Los Angeles, Los Angeles, Calif. 
Koenic, W., Jr., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 
KRan7Tz, H. K., Bell Tel. Lab., Dept. 312, 463 West St., New York, N.Y. 
*KRANZ, F. W., Riverbank Laboratories, Geneva, II. 
Kraus, JAY, The Harmony Co., 1738-54 N. Lawndale Ave., Chicago, Il]. (Humboldt Pk. 
Sta.) 
KREUZER, BARTON, RCA Photophone, Inc., 153 East 24th St., New York, N.Y. 


*LairRD, Donatp A., Colgate University, Hamilton, N.Y. 

*Lamson, H. W., General Radio Co., 30 State St., Cambridge, Mass. 

*LaANE, C. E., Bell Tel. Lab., Dept. 310, 463 West St., New York, N.Y. 

LANGLEY, RALPH H., 5449 Hamilton Ave., Cincinnati, Ohio. 

Larson, V. L., 3328 Blaisdell Ave. S., Minneapolis, Minn. 

LatHrop, E. C., The Celotex Co., 919 N. Michigan Ave., Chicago, IIl. 

LEBarRon, WILLIAM, RKO Productions, Inc., 780 Gower St., Los Angeles, Calif. 

Leet, L. N., Aeolian Co., Organ Dept., Garwood, N.J. 

LEvERETT, GEorGE H., William Fox Studio, Sound Recording Dept., Hollywood, Calif. 

LEvINnE, I. B., Wired Radio Inc., Ampere, N.J. 

Levy, Inc. OTaKAR, Riegrovo nabrezi 30, Prague II, Czechoslovakia. 

LIBBERTON, HERBERT, Box 1151, Joliet, IIl. 

LiFsHiTz, Pror. S. J., Grate Bronnaja 6 fl 3, Moscow, 9.U.S.S.R. 

Lrmric, J. W., 4 Clarendon St., Newtonville, Mass. 

Lrmric, W. E., 80 Boylston St., Boston, Mass. 

LINDAHL, R. L., The Celotex Co., 919 N. Michigan Ave., Chicago, Il. 

LINDGREN, Harry M., Paramount Famous Lasky Corp., 5451 Marathon St., Hollywood, 
Calif. 


Linpsay, W. W., Jr., The Institute of Radio Eng., Inc., 1384 Club View Dr., Los Angeles, 
Calif. 





n,n 

























































1931] MEMBERSHIP LIST 411 


York Linton, G., 460 Wellington Rd., Mineola, L.I., N.Y. 

Lirscos, P. C., c/o Johns-Manville Corp., 292 Madison Ave., New York, N.Y. 
LITTLE, Epwarp M., Bell Tel. Lab., Inc., 463 West St., New York, N.Y. 
LitTLE, GeorcE P., The Celotex Co., 919 N. Michigan Ave., Chicago, III. 
Lrvapary, JoHN P., Columbia Studio Corp., Gower & Sunset, Los Angeles, Calif. 
LIVINGSTONE, ROBERT, 4248 W. 61 St., Los Angeles, Calif. 

Luoyp, E. C., Armstrong Cork & Insulation Co., Lancaster, Pa. 

Loar, Lioyp A., Lewiston, IIl. 

Lockwoop, HERBERT C., 5722 Greene St., Germantown, Pa. 

Los, Henry C., 10-11 Forty-Sixth Ave., Long Island City, N.Y. 

Loomis, ALLEN, c/o C. G. Conn, Ltd., Elkhart, Ind. 

*Loomis, ALFRED L., Tuxedo Park, N.Y. 

LooTEeNns, CHARLES L., 38 Caryl Ave., Yonkers, N.Y. 

Lorp, SAMUEL L., c/o Fred J. Burt Co., 135 Spring St., Rochester, N.Y. 
Lovett, C. A., Bell Tel. Lab., Inc., 463 West St., New York, N.Y. 


York, 


NW., 


TT 


Love, DoNnALp P., 616 N. Alpine Dr., Beverly Hills, Calif. 
LusBcKE, Ernst, Halskesteig 5, Liemensstadt, Berlin, Germany. 
LupLow, FREDERICK O., The Compound & Pyrono Door Co., 1104 Broad St., St. Joseph, 
Mich. 
LuriE, E. M., Assoc. Metal Lath Mfgrs., 205 W. Wacker Dr., Chicago, III. 
: Lynn, Leste M., 115-25-84th Ave., Kew Gardens, L.I., N.Y. 


; An- 


Mo. 
Mace, C. A., 325-12th Ave. S.E., Minneapolis, Minn. 
*MaAcKENZzIE, DONALD, Bell Tel. Lab., 463 West St., New York, N.Y. 
MacKeEnziE, FRANK B., 10559 Blythe Ave., Palm Station, Los Angeles, Calif. 
| Macteop D. K., The Window Muffler Co., Ltd., 72 Second St., San Francisco, Calif. 
*MacNair, WALTER A., Bell Tel. Lab., 463 West St., New York, N.Y. 
MAL ina, R. F., Bell Tel. Lab., Inc., 463 West St., New York, N.Y. 


MacDona Lp, L. H., The Celotex Co., 603 Midland Bldg., 13th & Baltimore, Kansas City, 
t Pk. 


Matorr, I. G., Valley Appliances, Inc., Rochester, N.Y. 
Matter, Louis, RCA Photophone, Inc., 153 E. 24th St., New York, N.Y. 
Mann, Davin W., Jefferson Physical Laboratory, Harvard University, Cambridge, Mass. 
Mannon, ALFreD T., Tec-Art Studios, 5360 Melrose Ave., Hollywood, Calif. 
Manson, R. H., Stromberg-Carlson Tel. Mfg. Co., 1060 University Ave., Rochester, N.Y. 
MARKHAM, RupeERT V., 41 Hordern St., Newtown, Sidney, N.S.W., Australia. 
ManrrIn, R. E., Electrical Research Products, Inc., 250 W. 57th St., New York, N.Y. 
Martin, O. WaAtpemMar, Thos. Moulding Brick Co., Sound Correction Dept., 165 W. 
lif. Wacker Dr., Chicago, IIl. 
*MartTIn, W. H., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 
Marvin, E. MontacuE, Newhaven, Harrow Rd., Wembley, Middlesex, England. 
*Mason, W. P., Bell Tel. Lab., 463 West St., New York, N.Y. 
Massa, FRANK, Advanced Development Lab., RCA Victor Co., Camden, N.J. 
*Matuss, R. C., Bell Tel. Lab., Dept. 320, 463 West St., New York, N.Y. |. 
Mavrer, J. A., RCA Photophone, Inc., 153 E. 24th St., New York, N.Y. ij 
*MAXFIELD, J. P., Elec. Research Prod., Inc., 250 W. 57th St., New York, N.Y. E 


ood, Maxim, Hiram H., c/o The Maxim Silencer Co., 410 Asylum St., Hartford, Conn. 
*Maxim, Hiram Percy, c/o The Maxim Silencer Co., P.O. Box 2102, Hartford, Conn. : 
eles, May, D. Wattace, 745-25th St., Santa Monica, Calif. ¢ 


Maver, C. G., 18A Sussex Pl., London, S.W.7, England. 


412 JOURNAL OF THE ACOUSTICAL SOCIETY _ [Apr., 


Mayer, H. J., Electrical Research Products, Inc., 250 W. 57th St., New York, N.Y. 
Mazer, Jacos, 324 S. Seventh St., Philadelphia, Pa. 
MCALLIsTER, G. STANLEY, Mountain View, N.J. 
McARTHUR, ALBERT CHASE, 311 W. Jefferson St., Phoenix, Ariz. 
McCLANAHAN, RICHARD H., Riverdale Country School (Riverdale), New York, N.Y. 
McC1ay, H. E., c/o F. E. Berry, Jr. & Co., Inc., 182 Tremont St., Boston, Mass. 
McCLELLAN, E. W., Jr., Electrical Research Products, Inc., 250 W. 57th St., New York, 
N.Y. 
McCraicH, Justin F., Operadio Manufacturing Co., St. Charles, Il. 
McCune, H. A., Asbestos Covering & Sup. Co., 1037-6th Ave. S., Seattle, Wash. 
McCurpy, R. G., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 
McDonovucH, FRANK J., Electrical Research Products, Inc., 250 W. 57th St., New York, 
N.Y. 
McGattiarp, D. C., 217 Wheaton PIl., Rutherford, N.J. 
McGrew, KENNETH D., 154 Nassau St., Cork Insulation Co., Inc., New York, N.Y. 
*McKown, F. W., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 
MENEELY, A. C., 1537 Broadway, Watervliet, N.Y. 
MERRILL, RocER, U. S. Gypsum Co., 16 Tremlett St., Boston, Mass. 
*METFESSEL, MILTON, Department of Psychology, University of Southern California, Los 
Angeles, Calif. 
MEYER, ARTHUR, Bell Tel. Lab., 463 West St., New York, N.Y. 
*MEVER, ERWIN, Franklinstr. 1, Berlin N.W. 87, Germany. 
MEvyER, Max F., Columbia, Mo. 
*MICHEL, EuGEN, Alleestrasse 20, Hannover, Germany. 
MippteTon, W. E. K., 1514 Dufferin St., Toronto, Ontario. 
MIESSNER, B. F., Short Hills, N.J. 
Mitter, A. H., Electrical Research Products, Inc., 250 W. 57th St., New York, N.Y. 
*MILLER, Dayton C., Case School of Applied Science, Dept. of Physics, Cleveland, Ohio. 
MILLER, KEMPSTER B., 630 Prospect Blvd., Pasadena, Calif. 
Mi ter, Marion L., U. S. Gypsum Co., 300 W. Adams St., Chicago, III. 
Miter, R. T., Masonite Corp., 1517 Conway Bldg., Chicago, IIl. 
MILLION, JOHN W., JR., 6925 W. 31st St., Berwyn, Il. 
Mimno, Harry Rowe, 34% Shepard St., Cambridge, Mass. 
*MINTON, JoHN P., 8 Church St., White Plains, N.Y. 
MITCHELL, GEORGE, Educational Studios Inc., 7250 Santa Monica Blvd., Hollywood, Calif. 
Montcuyk, E., Bell Tel. Lab., Dept. 310, 463 West St., New York, N.Y. 
MoreHowuseE, W. B., Bell Tel. Lab., Inc., 463 West St., New York, N.Y. 
Morcan, Rosert L., 867 Edgemont St., Los Angeles, Calif. 
MorriLt, E. W., 1110 Crain St., Evanston, Ill. 
Morris, G. H., 7470 Santa Monica Blvd., Hollywood, Calif. 
Morris, Lioyp P., 606 W. Elm St., Urbana, IIl. 
Morris, Rosert M., National Broadcasting Co., 711 Fifth Ave., New York, N.Y. 
MUELLER, W1LL1AM A., 4521 Talofa Ave., North Hollywood, Calif. 
Mucter, CHaArLEs M., 7204 Fountain Ave., Hollywood, Calif. 
MunroE, T. B., The Celotex Co., 919 N. Michigan Ave., Chicago, IIl. 
Munson, W. A., Bell Tel. Lab., Dept. 320, 463 West St., New York, N.Y. 
Murray, SAMUEL E., McGraw Hill Book Co., 370-7th Ave., New York, N.Y. 


NasH, Josepu H., Nicely & Co., Inc., Delaware & Fairmount Aves., Philadelphia, Pa. 
NATHANSON, YALE S., University of Pennsylvania, Dept. of Psychology, Philadelphia, Pa. 














APR, 


York, 


York, 


5 Les 


Jhio. 


Calif. 


, 


1931] MEMBERSHIP LIST 413 


NEERGAARD, CHARLES F., 512 Fifth Ave., New York, N.Y. 

Netson, C. B., 410 East 28th St., Minneapolis, Minn. 

NEtson, C. E., 640 Knickerbocker St., Madison, Wis. 

NELSON, WILLIAM W., The Vega Co., Inc., 155 Columbus Ave., Boston, Mass. 
NEvuMEISTER, C. L., The Celotex Co., 919 N. Michigan Ave., Chicago, III. 

NemBury, WARREN C., Samuel Cabot, Inc., 229 Marginal St., Chelsea, Mass. 
NICHOLS, CARMAN, III., F. E. Barry, Jr. & Co., Inc., 182 Tremont St., Boston, Mass. 
NicuHots, S. W., P.O. Box 1107, 209 Exposition Ave., Dallas, Tex. 

NIcKERSON, F. W., Electrical Research Products, Inc., 250 W. 57th St., New York, N.Y. 
*NICOLSON, ALEXANDER MCLEAN, 55 E. 76th St., New York, N.Y. 

Nrxon, GeorGE M., 208 Barbey St., Brooklyn, N.Y. 

NosLE, VERNON H., United States Gypsum Co., 1310 Santa Fe. Bldg., Dallas, Tex. 
*Norris, R. F., C. F. Burgess Lab., Inc., Madison, Wis. 

*NorTton, E. L., Bell Tel. Lab., 463 West St., New York, N.Y. 

Norton, L. D., 34 Deane PI., Bridgeport, Conn. 

Noyes, ATHERTON, JR., Boonton Research Corp., Boonton, N.J. 

Nye, ARTHUR W., 3551 University Ave., Los Angeles, Calif. 


Oaks, L. WESTON, 677 N. University St., Provo, Utah. 

OBERST, WALTER H., Paramount Famous Lasky Corp., 5451 Marathon St., Hollywood, 
Calif. 

O'BRIEN, F. G., Northern Electric Co., Ltd., 637 Craig St. W., Montreal, Quebec, Canada. 

OESTREICH, CARL R., 874 Layton Blvd., Milwaukee, Wis. 

OeTTI1NG, G. G., Armstrong Cork Co., 1206 Santee St., Los Angeles, Calif. 

OtiveE, Gorpon W., Canadian Nat’! Ry., Radio Dept., Express Bldg., McGill St., Montreal, 
Quebec, Canada. 

Otney, BENJ., Electro-Acoustical Lab., Stromberg-Carlson Tel. Mfg. Co., 1060 Univ. Ave., 
Rochester, N.Y. 

Otson, Harry F., RCA Photophone, Inc., 153 E. 24th St., New York, N.Y. 

O’NEIL, H. T., Bell Tel. Lab., Dept. 320, 463 West St., New York, N.Y. 

OrtH, R. F., c/o Johns-Manville Corp., Locust St. at 17th St., St. Louis, Mo. 

ORTMANN, Otto, c/o Peabody Conservatory of Music, Baltimore, Md. 

OsBoRN, FREDERICK A., University of Washington, Seattle, Wash. 

*OsBoRNE, H. S., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 

OsBORNE, J. MARSHALL, 3919 N. Lyndale, Minneapolis, Minn. 


PACKARD, LYMAN W., 1121 Bresee Ave., Pasadena, Calif. 

Paccr, M. M., Paramount Famous Lasky Corp., 5451 Marathon St., Hollywood, Calif. 
PALETHORPE, HarRotp J., 2501 Juliet St., Los Angeles, Calif. 

PARKINSON, JOHN S., c/o Johns-Manville Corp., 292 Madison Ave., New York, N.Y. 
PARMENTER, C. E., University of Chicago, Chicago, Ill. 

PARSELL, Henry V. A., 122 W. 81st St., New York, N.Y. 

*Parsons, R. V., Johns-Manville Corp., 292 Madison Ave. at 41st St., New York, N.Y. 
PaTTison, P. N., Jr., 2345 Cumberland Rd., Pasadena, Calif. 

Pawsey, SAMUEL L., The Celotex Co., Architects Bldg., 5th & Figueroa, Los Angeles, Calif. 
PaynE, E. B., Bell Tel. Lab., Dept. 310, 463 West St., New York, N.Y. 

PerRY, LESLIE S., 3642 Pine Grove Ave., Chicago, III. 

PEscE, JoserH S., c/o RCA Photophone, Inc., 438 W. 37th St., New York, N.Y. 
PETERSON EveERETT C., 1228 Eddy St., Chicago, III. 

PETZOED, Ernst O., Damaschkestrasse 30, Zittau, Germany. 





414 JOURNAL OF THE ACOUSTICAL SOCIETY _ [Apr., 


PFEIFER, HERMANN, am Stadtpark 4, Braunschweig, Germany. 

*PrercE, G. W., Cruft Laboratory, Harvard University, Cambridge, Mass. 

Prerce, P. H., Electrical Research Laboratories, 250 W. 57th St., New York, N.Y. 
PIERSALL, BRUCE, Paramount Famous Lasky Corp., 5451 Marathon St., Hollywood, Calif. 
Pitcuer, G. W., Henry Pilcher’s Sons, Inc., Louisville, Ky. 

PILCHER, WILLIAM E., JR., 1203 Steinway Hall, 113 W. 57th St., New York, N.Y. 

Pittz, RussEtt J., c/o Bennett Allison Co., 1111 Harney St., Omaha, Neb. 

PLATZ, JOHN L., 304 Prospect Pl., Brooklyn, N.Y. 
*POFFENBERGER, A. P., Columbia University, Dept. of Psychology, New York, N.Y. 
*POHLMAN, A. G., 1402 S. Grand Ave., St. Louis, Mo. 

PootE, R. E., Bell Tel. Lab., Dept. 310, 463 West St., New York, N.Y. 

PokSKE, NORMAN J., RCA Photophone, Inc., 100 W. Monroe St., Chicago, IIl. 

Potwin CHARLES CRESSMAN, 304 W. 99th St., Apt. 7E, New York, N.Y. 

PowER, JOHN W., Paramount Famous Lasky Corp., 5451 Marathon St., Hollywood, Calif. 
Price, M. R., The George P. Little Co., 1500 Leader Bldg., Cleveland, Ohio. 

PuFFER, P. FRANK, 824 Leland Ave., Chicago, IIl. 

PURCELL, WILLARD J., WGY Broadcast Station, General Electric Co., Schenectady, N.Y. 
PuRSER, WILLIAM S., Columbia Graphophone Co., Ltd., 73 Petty, France, Westminster, 

London, England. 


QuayLeE, M. G., Boston Acoustical Eng. Div. Housing Co., 40 Central St. (Room 403), 
Boston, Mass. 
QUISENBERRY, D., Acousti Engineering Co., 322 Mortgage Guarantee Bldg., Atlanta, Ga. 


RACKETT, G. F., 823 N. Seward St., Hollywood, Calif. 

RaGusE, ELMER R., Hal Roach Studio, Culver City, Calif. 

RANGER, R. H., 574 Parker St., Newark, N.J. 

REA, HucuH C., Lewers & Cooke, Ltd., 177 S. King St., Honolulu, Hawaii. 

REDFIELD, JOHN, 4455 Broadway, New York, N.Y. 

REEL, HERBERT W., United States Gypsum Co., 300 W. Adams St., Chicago, IIl. 

REEs, W. M., U. S. Gypsum Co., 300 W. Adams St., Chicago, IIl. 

*REILLEY, H. E., McGill University, Montreal, Canada. 

RENWICK, RALPH, 612 N. Michigan Ave., Chicago, Il. 

REPLINGER, J. E., Jr., Acme Clay Products Co., 14290 Meyers Rd., Detroit, Mich. 
*RICE, CHESTER W., General Electric Co., 1 River Rd., Schenectady, N.Y. 

Rice, H. C., c/o C. Kurtzmann & Co., 526 Niagara St., Buffalo, N.Y. 

RicHarpson, E. G., University College, Gower St., London, W.1, England. 
*RICHMOND, LEon H., Signal Corps Sound Lab., Fort H. G. Wright, New York, N.Y. 
*RICHTMYER, F. K., Cornell University, Ithaca, N.Y. 

RICKARDS, HERBERT B., 1460 W. Macon St., Decatur, Ill. 

RICKER, NorMAN H., P.O. 1619, Houston, Tex. 

RIEBER, FRANK, 170-2nd St., San Francisco, Calif. 

Riesz, R. R., Bell Tel. Lab., Dept. 320, 463 West St., New York, N.Y. 

RIETBERGEN, J. G. M., Store Kongensgade 59, Copenhagen, Denmark. 

RINGEL, A. S., RCA Victor Company, Inc., Camden, N.J. 

Roberts, H. T., 421 Melrose Ave., Chicago, Ill. 

Roserts, W. T., 10 High St., Boston, Mass. 

ROcKWELIL, R. J., 4051 Clifton Ave., Cincinnati, Ohio. 

Ronan, K. M., Stinson Aircraft Corp., Northville, Mich. 

Rose, A. F., Operation & Eng. Dept., American Tel. & Tel. Co., 195 Broadway, New York, 

N.Y. 








A 























































1931] MEMBERSHIP LIST 415 


RosELL, Roy G., 682 Fort George Ave., New York, N.Y.” 

RosENBLATT, M. C., 10 S. 18th St., Philadelphia, Pa. 

ROSENQUIST, EINAR, Bestumvei 39, Oslo, Norway. 

Calif. | RosENZWEIG, S., 235 E. 42nd St., New York, N.Y. 
Ross, E. Hart, 572614 Lemon Grove Ave., Hollywood, Calif. 

Ross, I. G., c/o U. S. Gypsum Co., 23 S. Damen St., Chicago, Ill. 
Ross, O. A., Room 903, 198 Broadway, New York, N.Y. 
*RoweE, ALLAN W., Evans Memorial, 80 E. Concord St., Boston, Mass. 
RucKMICK, CHRISTIAN A., C206 East Hall, University of lowa, Iowa City, Iowa. 
*RuSSELL, Oscar, Ohio State University, Columbus, Ohio. 

Ryan, J. H., 1122 Stahlman Bldg., Nashville, Tenn. 


*SaBINE, PAUL E., Riverbank Laboratories, Geneva, III. 
Calif. *Sacia, C. F., Bell Tel. Lab., Dept. 320, 463 West St., New York, N.Y. 
SaLisBuRY, O. J., Kalite Co., Ltd., 90 S. Oak Knoll Ave., Pasadena, Calif. 
SAMMON, E. D., Acoustical Engineering Corp., 501 Railway Exchange Bldg., Milwaukee, 
2 $ Wis. 
aster, SANDBERGER, CARL A., Berger Acoustical Co., 112 S. 16th St., Philadelphia, Pa. 
SANIAL, ARTHUR J., Wychwood Apts., Great Neck, N.Y. 
*SANTEE, H. B., Electrical Research Products, Inc., 250 W. 57th St., New York, N.Y. 
*SaTOw, TAKEO, Dept. of Architecture, Waseda University, Tokyo, Japan. 
*SAUNDERS, FREDERICK A., Jefferson Physical Lab., Harvard University, Cambridge, Mass. 


103), } 
| 
Sawyer, C. R., Electrical Research Lab., 250 W. 57th St., New York, N.Y. 


Ga. 


SAWYER, GorDoN E., 727 N. Alta Vista St., Hollywood, Calif. 
ScHAEFER, J. M., Paramount Publix Corp., Sound Div., 408 N. Ashland Ave., Chicago, III. 
ScHELDoRF, M. W., 125 E. Bettlewood Ave., Oaklyn, N.J. 
SCHLENKER, VESPER A., 284 Beech Wood Ter., Orange, N.J. 
ScHMID, FRED C., JR., 355 E. 201st St., New York, N.Y. 
SCHROETER, E. J., Macoustic Eng. Co., Union Trust Bldg., Cleveland, Ohio. 
SCHROETER, ROBERT H., Macoustic Eng. Co., Union Trust Bldg., Cleveland, Ohio. 
Scuu1tz, G. H., c/o Ralph Renwick, 612 N. Michigan Ave., Chicago, IIl. 
SEACORD, K. P., Bell Tel. Lab., 463 West St., New York, N.Y. 
SEARLES, A. G., Electrical Research Products, Inc., 250 W. 57th St., New York, N.Y. 
*SEASHORE, C. E., University of Iowa, Iowa City, Iowa. 
SERSEN, F. J., Chicago Mill & Lumber Co., Room 814, 100 E. 42nd St., New York, N.Y. 
SETTE, WILLIAM J., Electrical Research Prod., Inc., 250 West 57th St., New York, N.Y. 
SHaw, H. S., 136 High St., Exeter, N.H. 
SHEARER, Douctas G., 487 Mesa Rd., Santa Monica, Calif. 
*SHELDON, H. H., New York University, New York, N.Y. 
| SHOTWELL, Harotp H., Operadio Mfg. Co., 13th & Indiana, St. Charles, Ill. 
SHOWER, E. G., Bell Tel. Lab., Dept. 320, 463 West St., New York, N.Y. 
SHuGaRT, Harotp E., 7470 Santa Monica Blvd., Los Angeles, Calif. 
SHUMATE, JOHN ROBERT, JR., c/o RCA Photophone Co., 139 Opera PI., Cincinnati, Ohio. 
Stmmions, Lovuts, 210 Fifth Ave., New York, N.Y. 
Stmpson, R. B., c/o The Celotex Co., 919 N. Michigan Ave., Chicago, III. 
Sitar, Eart C., 1331 N. Mansfield Ave., Hollywood, Calif. 
SITZMANN, A., Ferro Bldg. Products Co., 420 Lexington Ave., New York, N.Y. 
*SIVIAN, L. J., Bell Tel. Lab., 463 West St., New York, N.Y. 
*SKINNER, Ernest M., Skinner Organ Co., Crescent Ave., Uphams Corner Sta., Boston, 


Mass. 


ork, 














416 JOURNAL OF THE ACOUSTICAL SOCIETY [ApR., 


SLapDE, F. L., 50 Putnam St., Quincy, Mass. 

*SLAUGHTER, NUGENT H., The Vitaphone Corp., 5842 Sunset Blvd., Los Angeles, Calif. 

SmiTH, Austin E., 2101 Cleburne, Houston, Tex. 

SmiTH, Georce I., The Celotex Co., 919 N. Michigan Ave., Chicago, IIl. 

SmiTH, Henry C., 215 S. Pleasant St., Independence, Mo. 

SmiTH, HERBERT C., c/o Coast Insulating Co., Torrance, Calif. 

SmiTH, M. A., United States Gypsum Co., 300 W. Adams St., Chicago, Ill. 

SmiTH, MEtvin, Inland Insulating Co., Box 205 Hillyard Station, Spokane, Wash. 

SMITH, WALTER F., JR., 1045 Woodycrest Ave., New York, N.Y. 

SmiTH, W. WHATELY, 618 Ulster Chambers, Regent St., London, W.I., England. 

*SNoOK, H. CLYDE, Beechwood Apt., Summit, N.J. 

Snow, W. B., Bell Tel. Lab., Dept. 320, 463 West St., New York, N.Y. 

SNYDER, W. F., 305 N. W. Bldg., Bureau of Standards, Washington, D.C. 

SpAYTH, F. J., 1402 Linwood Ave., Indianapolis, Ind. 

Stacey, A. E., Jr., Carrier Eng. Corp., 850 Frelinghuysen Ave., Newark, N.J. 

STAFFORD, R. B., Klein-Watson Co., 152 W. Wisconsin Ave., Milwaukee, Wis. 

STANLEY, Douctas, 127 W. 79th St., New York, N.Y. 

STANTON, G. T., Electrical Research Products, Inc., 250 W. 57th St., New York, N.Y. 

Starr, W. W., Sound Dept., Metro-Goldwyn-Mayer Studios, Culver City, Calif. 

STEELE, B. L., Dept. of Physics, The State College of Wash., Pullman, Wash. ‘ 
*STEINBERG, JOHN C., Bell Tel. Lab., 463 West St., New York, N.Y. ; 
*STEPHENSON, E. B., U. S. Naval Research Lab., Bellevue (Anacostia), Washington, D.C. 
*STEWART, G. W., University of Iowa, Iowa City, Iowa. 

STEWART, H. W., Armstrong Cork Co., Lancaster, Pa. 

STIMPERT, Ray H., 3932 S. Lincoln St., Chicago, Ill. 

STIMPFLE, ROBERT J., c/o Acousti Service Co., 203 E. 44th St., New York, N.Y. 

*STODDARD, CHARLES F., 460 Riverside Dr., New York, N.Y. 

STosE, HArotp F., RCA Victor Co., Inc., Building 6, First Floor, Camden, N.J. 

STRIEBY, Maurice E., Bell Tel. Lab., Inc., 463 West St., New York, N.Y. 

STRYKER, N. R., Bell Tel. Lab., Dept. 310, 463 West St., New York, N.Y. 

SuLLIVAN, E. C., Jr., Paramount Famous Lasky Corp., 5451 Marathon St., Hollywood, 

Calif. 
SUMMERVILLE, F. M., c/o R. Guastavino Co., Pennsylvania Bldg., 225 W. 34th St., New 
York, N.Y. 

SUTHERLAND G. A., Dalton Hall, Manchester, England. ' 
*SwAan, CLiFForD M., 271 Madison Ave., New York, N.Y. 

SWARTZEL, Kart D., Jr., Bell Tel. Lab., Inc., 463 West St., New York, N.Y. 


TarTOK, Pau H., Sleeper Radio & Mfg. Co., Long Island City, N.Y. 

TASKER, Homer G., Engineering Dept., The Vitaphone Corp., Hollywood, Calif. 

Taytor, Harotp E., Michigan Bell Tel. Co., 1365 Cass Ave., Detroit, Mich. 

*Tay or, H. O., Dept. of Physics, Wheaton College, Wheaton, IIl. 

Taytor, Hucu S., 195-84th St., Jackson Heights, Long Island City, N.Y. 

*TayLor, JOHN BELLAMy, General Electric Co., 1 River Rd., Schenectady, N.Y. 

Taytor, Paut B., Radio Eng. Dept., Westinghouse Electric & Mfg. Co., East Pittsburgh, 
Pa. 

TEMPLIN, Epw1n W., 5017 Lincoln Ave., Los Angeles, Calif. 

THOMPSON, ELMER O., 241 Trenton Ave., Barrington, N.J. 

THORBURN, JAMES M., 842 Crescent, Heights Bldg., Los Angeles, Calif. 

TuHuras, A. L., Bell Tel. Lab., Dept. 320, 463 West St., New York, N.Y. 








1931] MEMBERSHIP LIST 417 


TopTMANN, H. G., U. S. Gypsum Co., 17 State St., New York, N.Y. 
-alif. ToEPPERWEIN, G. A., RCA Photophone, Inc., 411 Fifth Ave., New York, N.Y. 
*TOWNSEND, R. H., c/o RKO Productions, Inc., Hollywood, Calif. 
TravER, W. S., Guyton & Cumfer Mfg. Co., 228 N. La Salle St., Chicago, II. 
TreEvINoO, S. N., University of Chicago, Chicago, IIl. 
*TROLAND, LEONARD T., Technicolor Motion Picture Corp., 120 Brookline, Boston, Mass. 
*TRUEBLOOD, H. M., American Tel. & Tel. Co., 195 Broadway, New York, N.Y. 
Tucker, R. S., Dev. & Research Dept., American Tel. & Tel. Co., 195 Broadway, New 
York, N.Y. 
TuTTLeE, WILLIAM Norris, General Radio Co., 30 State St., Cambridge, Mass. 
TWEEDDALE, J. E. L., Electrical Research Products, Inc., 250 W. 57th St., New York, N.Y. 


UNDERWOOD, Forrest M., 511 N. Kings Rd., Hollywood, Calif. 


VALENTINE, WILLARD L., Ohio State University, Columbus, Ohio. 
Van Dyke, Kart S., Wesleyan University, Scott Laboratory, Middletown, Conn. 
y. Van HARLINGEN, Epwarp I., 4218 Lowell Ave., Chicago, IIl. 
VeNNES, H. J., Northern Electric Co., 1261 Shearer St., Montreal, Canada. 
VincENT, H. B., 1331 Sheehan Ave., Ann Arbor, Mich. 
} VOGELMANN, JosEPH A., 165 Broadway, New York, N.Y. 
Vo.tF, CHRISTIAN A., JR., 1482 Broadway, New York, N.Y. 


ahaa VoLKMANN, JOHN E., RCA Photophone, Inc., 153 E. 24th St., New York, N.Y. 
VoorHEES, H. R., 1917 Hillcrest Ave., Merchantville, N.J. 
*WaGNER, Kart WILLY, Franklinstrasse 1, Berlin, N.W.87, Germany. 
Wacker, H. S., Northern Electric Co., Ltd., 637 Craig St. W., Montreal, Quebec, Canada. 
WatTHeR, H., Bell Tel. Lab., Dept. 320, 463 West St., New York, N.Y. 
Warp, J. S., Electrical Research Products, Inc., 250 W. 57th St., New York, N.Y. 
WarreEN, S. REID, JR., 4418 Osage Ave., Apt. A-8, Philadelphia, Pa. 

lywood, WAsHBURN, Paut J., Johns-Manville Sales Corp., 97 E. Wisconsin Ave., Milwaukee, Wis. 
*WATERFALL, WALLACE, The Celotex Co., 919 N. Michigan Ave., Chicago, Il. 

t., New *WaTSON, F. R., University of Illinois, Physics Dept., Urbana, IIl. 

Watson, JAMEs S., JR., 6 Sibley Pl., Rochester, N.Y. 


Watson, L. L., Klein-Watson Co., 501 N. Water St., Peoria, Ill. 
WAYLAND, CLARKE E., 563-2nd St., San Francisco, Calif. 

*WEGEL, R. L., Bell Tel. Lab., 463 West St., New York, N.Y. 
Wenrp, Cuas. E., 316 Hume-Mansur Bldg., Indianapolis, Ind. 
WEINBERGER, J., Tech. & Test Dept., Radio Corp. of America, 70 Van Cortlandt Park 

S., New York, N.Y. 

WEIs, Epwarp M., 85 Alkamont Ave., Scarsdale, N.Y. 

Wetss, Howarp F., C. F. Burgess Laboratories, Inc., Madison, Wis. 

WEnricH, C. W., Armstrong Cork Co., Lancaster, Pa. 

*WENTE, E. C., Bell Tel. Lab., 463 West St., New York, N.Y. 

tsburgh, WERSEN, D. T., Box 506, Culver City, Calif. 
WEsTLING, Atcot T., 1380 E. 28th St., Oakland, Calif. 
WEvL, CHARLES, Moore School of Elec. Eng., University of Pennsylvania, Philadelphia, Pa. 
Waite, Orvat C., 513 W. Washington St., Alexandria, Ind. 
Waite, RicHarp M., 15821 Terrace Rd., East Cleveland, Ohio. 

Wuite, S. D., Bell Tel. Lab., Dept. 320, 463 West St., New York, N.Y. 














418 JOURNAL OF THE ACOUSTICAL SOCIETY [ApR., 


*WHITE, WILLIAM Braip, American Steel & Wire Co., Acoustic Laboratory, 5149 Agatite 
Ave., Chicago, IIl. 
WHITEMAN, J. LEONARD, 14721 Elderwood Ave., East Cleveland, Ohio. 
WHITESIDE, WARREN T., JR., P.O. Box 1107, Dallas, Tex. 
WiesuscH, C. F., 100 Morningside Dr., New York, N.Y. 
WIGHTMAN, E. RussELL, Western State College, Head of Physics Dept., Gunnison, Colo. 
Wut, J. A., Housing Co., 40 Central St., Boston, Mass. 
Wittans, P. W. 7 Ormonde Mansions, Southampton Row, London, W.C.1, England. 
*WILLIAMs, H. B., College of Physicians & Surgeons, 630 W. 168th St., New York, N.Y. 
Witson, W. H., 4486 Oregon St., San Diego, Calif. 
Wine, Wits K., c/o Doubleday, Doran & Co., Inc., Garden City, N.Y. 
WINTERHOFF, HERMAN E., 5850 Carrollton Ave., Indianapolis, Ind. 
WINTRINGHAM, WILLIAM T., c/o American Tel. & Tel. Co., 195 Broadway, New York, 
N.Y. 
WirtTinc, E. G., P.O. Box 1062, Johns Hopkins University, Baltimore, Md. 
Wotcott, Eart A., 2065% Hillhurst Ave., Hollywood, Calif. 
Worr, S. K., Electrical Research Products, Inc., 250 W. 57th St., New York, N.Y. 
Wo rE, W. V., The Vitaphone Corp., 5842 Sunset Blvd., Los Angeles, Calif. 
*WoLrFF, Irvinc, RCA Victor Co., Inc., Camden, N.J. 
Woop, Loren M., c/o Coast Insulating Co., Torrance, Calif. 
WooprorvE-BootH, C. V., M.C., Junior Army & Navy Club, Whitehall, London, S.W.1, 
England. 
WoopMaANSEE, Buryt S., Bell Telephone Lab., 463 West St., New York, N.Y. 
Woorr, W. L., The Amplion Corp. of America, 133 W. 21st St., New York, N.Y. 
WUNDERLICH, N. E., Alden Park Manor, Apt. 807-C, Wissahickon Rd.-Schoolhouse Lane, 
Germantown, Philadelphia, Pa. 


YAMAGUCHI, MAnyjiro, c/o Asano Bussan Co., Kaijo Bldg., Marunouchi, Tokyo City, 
Japan. 

YARBROUGH, V. L., Box 1107, Dallas, Tex. 

Younc, Rosert W., Physics Hall, University of Washington, Seattle, Wash. 


ZELLFELDER, ALBERT, 1324 Walnut St., Philadelphia, Pa. 
ZINN, F. RUSSELL, 6027 Columbia Ave., Philadelphia, Pa. 
*ZOBEL, O. J., Dev. & Research Dept., American Tel. & Tel. Co., 195 Broadway, New 
York, N.Y. 
























[ApR., 


) Agatite 


yn, Colo. 


gland. 
N.Y. 


w York, 


1, S.W.1, 


se Lane, 


yo City, 


ly, New 





LL TTT 
| 


A DIRECT READING AUDIO-FREQUENCY PHASE METER 


By W. R. MacLean and L. J. Stvran 
Bell Telephone Laboratories 


A. 


In connection with certain acoustic studies it was desired to measure 
sound pressures as vectors, i.e. to determine both the amplitudes and 
the phase angles. An example, more fully described at the end of the 
paper, is the measurement of the amplitude and phase variations in the 
pressure at various points in a room excited by a tone from a loud- 
speaker. If a microphone traverses a path in the room the amplitude 
and phase changes in its output voltage are equal to the corresponding 
changes in the sound pressure. Thus the measurement is reduced to an 
electrical one, except for the absolute calibration of the microphone and 
associated electrical circuit. At any one frequency, relative changes of 
amplitude and phase with position usually are all that is of interest, in 
which case no calibration is necessary. 

Even in a moderately reverberant room these changes may be large 
and rapid. Thus at 1500 c.p.s. say, in the space of one foot the pressure 
amplitude variations may exceed 30 decibels (32:1) while the phase 
sweeps through several quadrants. Hence it is desirable to observe 
continuously the changes in amplitude and phase as the mocrophone is 
slowly advanced. This enables the observer not only to locate and meas- 
ure points of greatest variation, but to distinguish between angles of @ 
and 6+ 2mm by counting the complete revolutions of the phasemeter as 
the traverse is covered. This requirement makes it desirable to use a 
device with which the phase angle can be immediately observed at each 
position without the adjustment of controls, or at least with a minimum 
thereof. In this case continuity and rapidity of observation are more 
essential than great accuracy. 


B. 


A method used for measuring phase angles of electric vectors over the 
range of audio frequencies is the a.c. potentiometer null method.' For 
frequencies well above the commercial machine range, say above 135 
C.p.s., it is the only available method combining high accuracy with 
low power consumption. The balancing for the unknown phase must be 
accompanied by an accurate balance for the amplitude of the unknown 


1 e.g. Drysdale, Electrical Measurements, London, 1924. 
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vector. If both the amplitude and angle of the unknown vary widely, 
this double adjustment of the potentiometer becomes rather time-con- 
suming. 

There are available instruments of the mechanical moving parts type 
which indicate phase angles directly, independently of the amplitude of 
the unknown vector. These instruments in their usual (magnetic) form 
consume considerable power, of the order of five watts, and operate only 
at commercial power frequencies. They could conceivably be made to 
operate on less power and at higher frequencies, but they would require 
at least rather tedious adjustment for each new frequency setting. 

If the cathode ray oscillograph were applied in the usual manner—by 
a Lissajou figure—an accurate resetting of the voltage on one pair of 
electrodes at each reading would be necessary, to compensate for vari- 
ations in the unknown amplitude. Also the accuracy is not high when 
quadrature between the unknown and the reference vectors is ap- 
proached. 

C. 


The plan adopted here depends on the fact that the magnitude of the 
cathode ray deflection in the oscillograph tube is inversely proportional 
to the instantaneous value of the anode voltage. If there be produced 


Po. 


Ss 


Fic. 1-A Fig. 1-B 


within the tube a transverse electric vector of constant magnitude and 
angular velocity (such as that due to equal gradients on the two deflect- 
ing electrode pairs, in time quadrature) the spot on the fluorescent 
screen will describe a circular path (Fig. 1-A). This is with the anode 
voltage held constant. If in addition there be impressed in the anode cir- 
cuit a wave of the same period, sinusoidal or not, it will produce a 
deviation from circularity in the Lissajou figure. Thus suppose that 
during one-half of the cycle the anode voltage has the constant value 
E,, and during the other half-Z,. The deflection of the spot is then given 
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videly, by: «=A/E, sin wt, y=A/E, cos wt during the first half of the cycle 
e-con- and by x=A/E; sin wt, y= A/E, cos wt during the next half. The figure 
on the screen will consist of two unequal semi-circles: 
S type A2 A? 
ude of x? + y? = — and x? + y? = —-, respectively. 
) form wid E;? 
€ only The orientation of the figure on the screen will change in exact harmony 
ade to with the phase of the voltage impressed on the anode. In fact the angu- 
equire lar shift of this voltage can be measured directly by the rotational dis- 
g. placement of the pattern.’ 
oe: Let E,-sin(wt+6,) be a vector held constant at any one frequency, 
+ wat. and E-sin(wt+@) the corresponding unknown variable vector. The use 
aie of E,-sin(wt+6,) and E,-sin(wt+6,+7/2) on the two transverse elec- 
is ap- trode pairs is satisfactory, since a circle of constant optimum diameter 
can be secured. But the direct use on the anode of E-sin(wit+@) was 
: abandoned for two reasons: 
of the (1) The picture would have no sharp corner on it to render the meas- 
Gens urement of angles at all accurate. 
dienll (2) As E varies (e.g. due to motion of the microphone) it might either 
become large enough to run the figure partly off the screen, or small 
enough to reduce the pattern to essentially a circle again. This would re- 
quire more or less continuous adjustment of E to enable the observer to ‘ 
follow the changes of phase @. 4 
It is preferable to produce in the anode circuit during each 27/w 
period a single voltage pulse, of very short duration with respect to q 
2/w. Its successive occurrences in time are always made to take place 
at the same point on the E-sin(wt+6) cycle, and its amplitude is to be 
absolutely independent of EZ. Under these conditions the Fig. 1-A will 
be changed into the peaked curve of Fig. 1-B, and the movement of the 
— pointer P will directly indicate the phase displacement between E and 
e an i 


the reference vector &,,. 
eflect- With the aid of the argon filled three-electrode, hot cathode tubes it 


escent was found possible to produce a wave-form which meets the above re- 

anode quirements. This pulse, it so happens, can be made to take place on the 

le cir- node of each wave of E sin(wf+6), and remain there regardless of wide 

a: a variations in the value of E. 

> that 

waiter ® This general idea is disclosed in a U.S.A. patent (#1768262, iss. June 24, 1930) by Mr. W. 4 
: A. Marrison of Bell Telephone Laboratories. The present description gives a new method for : 

given the production of the anode wave. 
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D. 


The flashing circuit which supplies the above voltage pulse, contains 
the three-electrode argon tube. It has the characteristic of drawing no 
current until the plate voltage exceeds a certain critical value (deter- 
mined by the grid voltage) whence it breaks down and draws an amount 


& 


eg 
Fic. 2. 


of current limited only by the rest of the circuit. After a steady-state 
condition has been reached, the anode drop is independent of current 
and equal to E,—the ionizing voltage of argon (approximately 20 v.). 
Fig. 2 shows the relation between the plate-cathode voltage drop neces- 
sary to initiate ionization, @,, and the cathode-grid drop, e,, that con- 
trols it. This experimental graph leads to the equation: 


é» = Ea + ae, 


where a is the slope of the line in Fig. 2 (in reality it is not, of course, a 
perfectly straight line), and is known as the control ratio.* In the tubes 
used a was about 25. 


—<—<—— 8 EEE 


Fre. 3. 





This tube can be used in the flashing circuit shown in Fig. 3. With the 
switch S closed, the constant current 7 charges the condenser (linearly 


3 This information was obtained from Mr. A. L. Samuel of the Bell Telephone Laboratories. 
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with time, of course) until the anode potential, ep, reaches é,, determined 
by e, from the above equation. Then ionization sets in and the con- 
denser discharges almost instantaneously. With the condenser dis- 
charged the tube ceases to conduct, the condenser charges again until 
its voltage reaches @,, etc. In this manner sustained oscillations are 
produced. Now let the switch S be opened. If the time constant of the 
resistance-condenser circuit is small compared to the charging time of 
the condenser (this ratio is independent of the flashing frequency if R is 
kept constant), the circuit will oscillate as before with but little change 
in frequency. There will be developed across R a voltage pulse of dura- 
tion equal to the discharge time, i.e. small compared to a complete 
period. This is the source of the pointer on the circle of Fig. 1-B. 
The theoretical frequency, f, computed on the assumptions: 


a. The discharge is instantaneous 

b. é, falls to zero during the discharge 

c. é, rises therefrom immediately 

d. Full ionization is instantaneously initiated, is found as follows: 


it Cé, 
ep = ry whence T = ~~ where JT = — - 

The observed frequency was usually less than the theoretical. The 
reason was found largely due to partial invalidity of assumptions b. and 
c. It was found that with large values of the capacity C the voltage does 
not fall to zero but to some value between zero and E,. And for small 
values of C, the voltage not only falls to zero, but remains there for an 
appreciable space of time before the charging cycle begins. This can 
perhaps be explained as follows. During the discharge, as the voltage 
falls from its initial value to E,, ions are being formed and used up or 
neutralized. When the voltage passes below E, no more ions are formed, 
but those already present continue to conduct until a sufficient quantity 
of electricity has passed through the tube to sweep them clear. If this 
quantity is greater than CE, (the charge on the condenser as the voltage 
reaches E,), the charging current 7 will flow through the tube for an 
interval AT after the condenser is discharged. 

In the type of circuit shown above AT was found to be approximately 
80 micro-seconds with a charging current i of 100 micro-amperes. With 
the value of é, used this set an upper limit of frequency of some 13,000 
c.p.s. It is seen from the circuit that after the discharge, ions can be re- 
moved only by the grid battery (1.5 volts) and the 100 uA charging cur- 
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rent. In the circuit shown below (Fig. 4), the battery £, (approximately 
45 volts) is left across the grid and plate after the discharge. This higher 
voltage was found to clear the tube of ions in about 20 micro-seconds, 
increasing the highest frequency attainable to about 40,000 c.p.s. It is 
not practicable to use so large a biasing voltage in the circuit of Fig. 3, 
since it would make @, excessively high. For this reason it was decided 
to use the modified flashing circuit of Fig. 4. 

The operation of this circuit, with S closed and with E=0O, is some- 
what similar to that of the simpler circuit except that e, (and therefore 
é,) fall in exact harmony with the rise of e,. When e, and é, meet, a dis- 
charge takes place. The four assumptions made above as to the nature 


E, 
s 
aie: r CONSTANT 
E- SIN(wt +e) c CURRENT 


Fic. 4. 


of the discharge, are still adhered to. From the tube equation and from 
Fig. 4: 


¢, = E, — ey 


(2) 
ep Ex, oh Qe g. 


Taking t=O at the moment the condenser voltage, (and therefore anode 
voltage, also) reaches zero, we plot e,, ep, and é, against time as shown 
in Fig. 5. At the intersection of the e, and é, lines a discharge occurs and 
the cycle repeats itself. From (2) we find 


Ea 
he amet 
a+i a+l 


as the value of e, when it equals é,, i.e. the breakdown voltage. The 
natural period T is now: 


aq ~¢<re& a 
p= = ( 4 E:). (4) 
1 t\at+1 a+t+lil 

If an alternating e.m.f. E sin(wt+6) (using the same time epoch as 
above) be impressed in the grid circuit, we have 


e, = E, — ep + E-sin (wt + 8) (5) 





Ey (3) 


Cp = Cp = 








and 
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; and Replacing f; by 7+At, we have from equations (4) and (6) 
: a C ‘ 
: At = -—-E-sin (wT + wht + 6) (7) 
(3) a+i1 1 
| where At is the change in charging time due to the a.c. introduced. De- 
The noting the root of this equation by At, the process begins to repeat at 


the instant 4; = 7+Ah, except that @ becomes 6;, where: 
6, = wl + 0-t; + 0 — 2e. 


(4) If this process (finding a new @) be repeated indefinitely, At will approach 
a constant value Afy, whence in the steady state 


wl + w-Aty + 0) — 2r = A 


h as 
(8) 
or 
(S) ‘i 
T+ Aly oa 
® 
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In other words, the flashing circuit assumes the frequency of the a.c. 
wave. 

To obtain the value of 6) in the steady state we substitute from equa- 
tion (8) in equation (7) whence . 


a ir 
Alo = ———:—-E:sin 0 
at+i1 1 


or, by virtue of equation (4) 


E . 
ia {-—————- smh. 
TA 
oe ie 
Qa 
Denoting E/E,jo,z, by K, which is essentially equal to E/E; since 
E,/a«E,, we have 


At) 1 
ipl Ns sin Ao 
K 


| 
1 Ato . 1 Alo 
or 6) = sin“! (—- =), - (—-—=), etc. (9) 
ae s eS 


If 1/K -At,/T <1, i.e. if the frequency of the applied e.m.f. is very near 
the natural frequency of the flashing circuit, 0) becomes, 


1 Abo 1 Abo 
6=--—»> oe eee a SF (10) 
a = K T 
To find which of the two angles in equation (10) corresponds to the 
occurrence of the discharge, consider the special case of w=2x/T and 
an initial angle @=7/2. Then from equation (7) 





a 





Cc 
-—-E-cos (w: At). 
a+i1i 


Ai = + 









If —1/2<w-At<0, the two sides of the above equation have opposite 
signs; if 0<w-At<7/2, both signs are positive. Hence the first solution is 
At, where 0<w-At;<m/2. The succeeding value of 6 then becomes 






6, = wl +w-At; +0 -— 27 =~ 0+ -Ahy. 





Since @ is increasing during the transient, it will reach the steady-state 
value of 7 rather than 0. 
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1€ a.c. At any natural frequency differing slightly from w/2z, the angle will 
be 
equa- Re 2 
K T K f 


The departure of #0 from 7, due to an ignored shift in f from the value 
w/ 2m, is: 

1 Af 

6=— aroer = — —- 

K f 
Clearly, the amplitude of the pulse across r (Fig. 4) is independent of 
E-sin(wi+@). It is in fact exactly the same as when there is no a.c. 
applied at all. Moreover, with perfect synchronism, its phase position— 
by virtue of its being on a node, is entirely independent of E. For slight 
asynchronism, the phase error is given by the last equation. 

The results obtained above are, of course, contingent upon the four 
original assumptions. The second and third have already been dis- 
cussed. The first is obviously imperfect as the presence of r (Fig. 4) 
makes the discharge time finite. With the value of r used, theory in- 
dicates a decrease of about 2 per cent in the free flashing frequency. 
Actually it was found that the insertion of r slightly decreases the free 
period. For our purpose this is a secondary effect and may be due to a 
change in the mechanism of breakdown when r is present. 

Inexactness of the fourth assumption becomes important at the higher 
frequencies by reducing the peak voltage obtainable across r. 

A rather small value of the charging current i (about 100 uA) was 
found desirable as it results in lesser variations of contact potentials 
» the within the tube. The gain in frequency stability of the flashing circuit 
and with the small current was quite appreciable. To maintain this current 

constant the tuning was done with the condenser C. In this connection 
a further advantage of the circuit in Fig. 4 over that in Fig. 3 may be 
pointed out. The critical plate voltage é,, in Fig. 3 is 


since 


(9) 


near 


(10) 


osite 


‘ while in Fig. 4 
on is 


Since a is of the order of 25, a/a+1=1; and spurious variations in the 
state effective grid bias are correspondingly less harmful in the circuit of 
Fig. 4. 
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E. 
The Circuit Arrangement 
The constant charging current 7 is obtained by voltage saturation of a 
two-electrode tungsten filament rectifier (Fig. 6). A large resistance in 
series with a correspondingly large E: could also be used to produce an 


E, 





Fic. 6. 


approximately constant charging current. In actual use, a resistance 
was found to give highly erratic frequency control, perhaps due to poor 
temperature regulation. The rectifier, on the other hand, changes slowly, 
causing a gradual drifting of frequency—not nearly so troublesome. 

To obtain the two quadrature voltages Es-sin(wi+@s) and Es-sin 
(wt-+@s-+7/2) which produce the circle, the usual condenser-resistance 
circuit with a slight modification (Fig. 7), was employed. The function 
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of this small inductance L is to obtain more nearly 90° division of the 
voltage; it balances the effect of stray capacities (C; in Fig. 7) shunting 
the resistance. The condition for phase quadrature is 


L = C\(R? + w°L?) 


and if for all frequencies used R>wL, a single value of L, L = R°C,, ac- 
complishes the desired purpose. 
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A failure of the assumption R>wL, or an error in L, will cause a 
slightly elliptical path on the screen. Irregularities in the glass of the 
screen may also cause errors. Of greater importance, however, is the 
presence of harmonics in the wave. The supply to the phase splitter 
should be thoroughly filtered, especially at low frequencies where most 
commercial oscillators are at their worst: 

Fig. 8 is a schematic of the circuit arrangement used. The flashing 
circuit (tubes 7; and JT.) is tuned by means of the condenser C. Its 
frequency is adjusted to a value near that of the wave E-sin(wt+6) 
whose phase is to be measured. It will lock in step with the latter and 
assume a definite phase position when E-sin(wt+6) is fed through the 





Fic. 8. 


$-terminals into the locking circuit. The internal impedance of the 
generator feeding E-sin(wi+@) to the transformer A, should approxi- 
mately equal the impedance present across ® when the natural frequency 
was adjusted. About 3 volts should be maintained across r; = 100,0002, 
equivalent to approximately 0.13 volt across the 200° @-terminals. The 
voltage pulse developed across rz =2000* is applied to the grid of 73, a 
tube having a high amplification factor (u+25). The load of 7; consists 
of the condenser C; controlled by the switch B, in parallel with the anode 
impedance of the cathode ray oscillograph tube 7,, and the capacity to 
ground of the filament battery of 7,. The purpose of C; is to adjust the 
magnitude of the pulse in 7, and therefore of the phase pointer on the 
circle. 

The reference phase voltage Es-sin(wi+6s) from which angles are 
measured, is fed into the ®s terminals at about 12 volts. The amplitude 
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of this voltage is controlled with the 2000 potentiometer, after which it 
passes through the transformer M (built with minimum capacity be- 
tween windings) to the phase splitter. 

All final adjustments of the flashing circuit frequency are made by 
observing beats in a telephone receiver, through monitoring connections 
not shown in the diagram. 

The oscillograph tube 7, is placed in an iron pipe which serves as a 
magnetic shield, reducing to a considerable extent the troublesome ef- 
fect of the earth’s field. 

After the instrument was built it was tested with known electrical 
inputs at various frequencies to determine its accuracy in recording 
angles. At all frequencies up to 4000 c.p.s. it was within five degrees of 
the correct value. 

It was pointed out in section D that sluggish ion movement limits this 
flashing circuit frequency to something near 40,000c.p.s. In the phase- 
meter application, however, the limit imposed was not a failure of the 
flashing circuit but rather an indistinctness of the phase pointer on the 
screen. At frequencies above 4000 c.p.s. it rapidly loses its sharply de- 
fined shape and becomes a rather uncertain irregularity extending over 
nearly a quadrant, decidedly different in appearance at one position 
from that at another displaced 180° from the first. The cause of this 
effect was not ascertained. Its asymmetry with respect to a 180° change 
in phase suggests that this distortion resides in the oscillograph tube 
rather than in the flashing or amplifying circuits. 


F. 


As an illustration of the type of work to which this phasemeter is well 
suited, an acoustic experiment will be described. 

The response indoors of a microphone at some distance from the 
source, depends upon the frequency in a highly erratic and usually un- 
predictable manner. The magnitude and phase of the resultant of the 
many component waves arriving at a given point in the room varies be- 
tween wide limits with a slight shift in wavelength, although the mag- 
nitudes of the components are essentially unchanged. The resultant 
amplitude and phase of the microphone output were measured over the 
range from 1500 to 1505 c.p.s. In this small range the source, an electro- 
dynamic receiver, may be regarded as sensibly constant. The values 
measured with a condenser microphone A are shown in Fig. 9 and Fig. 
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10. The amplitude measurement was made with the aid of an adjustable 
calibrated attenuator between the microphone and a rectifier tube fed 
from the microphone amplifier. The reference vector, Es-sin(wt+6s), 
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was obtained by tapping the loud speaker circuit. Similar measurements 
were made with another microphone, B, suspended at ten feet from A. 
The results are shown in Figs. 9 and 10. 
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The simultaneous use of two microphones at two points produces a 
result identical with the hypothetical case wherein the pressure com- 
ponents of both points impinge upon a single microphone, provided, of 
course, that the two-microphone circuit is electrically symmetrical and 
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the instruments are identical. Fig. 11 and Fig. 12 show the output of the 
two microphones connected in parallel, as measured with the phase- 
meter and attenuator. In the same figures are shown curves computed 
from the measurements on A and B individually. The observed and 
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computed curves should coincide except for: (a) errors in amplitude and 
phase determinations; (b) inequality of the impedances of the two 
microphones, which inequality depends on the capacities of the leads as 
well as of the instruments. No special care was taken to eliminate (b), 
stock instruments and long leads of stock lampcord being used. Hence 
part of the discrepancy between the observed and computed values 
certainly is chargeable to this cause. 











ACOUSTICS OF MUSIC ROOMS 


By VERN O. KNUDSEN 


University of California at Los Angeles 


I. INTRODUCTORY 


The writer recently made a visit to Europe for the purpose of study- 
ing a number of famous music rooms. The preparation of this paper 
was stimulated, and largely influenced, by observations and measure- 
ments made during this study. The paper is not a report on the results 
of new experiments, nor is it a comprehensive treatment of the theory of 
music rooms. Rather, it represents an attempt to consider the problem 
of music room acoustics in the light of recent developments in acoustics 
and the tested results of experience; and to call attention to certain 
problems which require further investigation. The subject is by no 
means a finished one. Indeed a great deal is yet to be learned about the 
nature of such phenomena as resonance and interference; and even the 
important subject of reverberation is unfinished. The problem is one 
which involves the proper control of many factors, and we cannot afford 
to ignore even factors of minor significance. To quote one of the early 
writers on the subject of architectural acoustics,! “ ... It ought, there- 
fore, to be our aim, not to make any building conspicuous for one ex- 
cellence only or to guard it against one defect, but rather to secure for it 
every advantage within our reach, and protect it from every possible 
mischance, esteeming no fault too small to be injurious, and no ad- 
vantage so insignificant as not to be worth an effort, no matter how great 
a degree of excellence may be reasonably supposed to have been already 
secured.” In our country, where good acoustics is too often regarded to 
be almost wholly a matter of proper reverberation time, it may not be 
amiss to be reminded occasionally of this suggestion of T. Roger Smith, 
and to seek for every possible criterion of the ideal music room. 

The criteria for the ideal music room are not so simple as those for the 
ideal speech room. The hearing of speech is definitely a physical and 
measurable phenomenon, and it is a relatively simple matter to devise a 
means for giving a quantitative rating to any speech room.” The rating 
of music rooms, on the other hand, is not a purely physical problem 
which can be solved by the physicist alone. Its complete solution will 


1 T. Roger Smith, Architect, “Acoustics of Public Buildings,” 1865. 
2V. O. Knudsen, “The Hearing of Speech in Auditoriums,” Jour. of the Acous. Soc. of 
Amer., 1, 1, (October, 1929), pp. 58-82. 
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require the cooperation of physicists and musicians, and it may be neces- 
sary to seek the help of phychologists and estheticians. 

But the solution of the problem, however complicated, is not without 
hope. It is true that the acoustical design of music rooms will have to de- 
pend upon the dictates of musical taste-—a criterion which may not ad- 
mit of accurate definition, or even be the same for different individuals. 
But such experiments as have been performed indicate that the musical 
tastes of different listeners are in fairly good agreement, at least in their 
choice of the optimal time of reverberation for music rooms. For ex- 
ample, in the tests of W. C. Sabine in the New England Conservatory of 
Music, a committee of six competent music instructors were in remark- 
ably good agreement in determining the optimal time of reverberation 
for piano music in small music rooms. The tests in five different rooms, 
which varied in volume from 74 cu. m. (2600 cu. ft.) to 210 cu. m. (7400 
cu. ft.), indicated that in order to secure the best effect for piano music 
the reverberation time at 512 d.v. should be approximately 1.08 seconds. 
The shortest approved time of reverberation in these rooms was .95 
second and the longest approved time was 1.16 seconds. The maximal 
departure from the mean was therefore .13 second, and the average 
departure from the mean was only .05 second. Later investigations by 
Watson,’ Lifschitz,* P. E. Sabine’ and others have confirmed this finding 
of W. C. Sabine, and have found that as the volume of the room in- 
creases, the optimal time of reverberation increases, reaching a value of 
slightly more than 2.0 seconds for very large rooms. 

The recent work of Bagenal and Bursar‘ is an interesting and a help- 
ful contribution to the subject of the acoustics of music rooms. Many of 
the principles and findings discussed in the present paper have been 
mentioned by Mr. Bagenal and also by others. But some of these 
principles are presented here in a new light, and it is believed that some 
of the findings are novel and important enough to warrant consideration 
in the design of new music rooms. 


3 F. R. Watson, “Acoustics of Buildings,” John Wiley and Sons (Second Edition, Revised 
1930). 

4 Samuel Lifschitz, Phys. Rev. 27 (1926), 618-621. 

5 P. E. Sabine, Trans. of S. M. P. E., 12 (1928), 35. 

6 Hope Bagenal, Architect, “The Practical Acoustics of Concert Rooms and Opera Houses,” 
Architectural Association Journal, xLtv, 496 (June, 1928), pp. 4-19; H. Bagenal and Godwin 
Bursar, “The Leipzig Tradition in Concert Hall Design,” Journal of the Royal Institute of 
British Architects, September 21, 1929, pp. 756-763; H. Bagenal and Godwin Bursar, “Bach’s 
Music and Church Acoustics,” Journal of the Royal Institute of British Architects, January 11, 
1930, pp. 154-163. 
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II. REQUISITES FOR IDEAL AcousTICcs IN Music Rooms 


In discussing the requisites for ideal acoustics in music rooms con- 
sideration will be confined to the purely acoustical properties. It will be 
assumed that such essential factors as heating, ventilating, lighting, 
decorations and appointments are all entirely satisfactory both for the 
performing artists and the listeners. The requisites for the production of 
music and for the listening to music will be considered separately, al- 
though it is obvious that many of these requisites are common to both 
the generation and the reception of music. 


The ideal room conditions for the artistic production of music are the 
following: 


1. Performers should not be distracted by noise, whether of inside or 
outside origin. 

2. The spaces for the orchestra, soloists, chorus, organ (if there be 
one), and audience should be arranged and articulated properly. 

3. Provision should be made for the reenforcement of sound by re- 
flection and resonance from suitably designed boundaries in the proxim- 
ity of the stage or platform, thus giving support to the generation of 
music, and making it easy to sing or play. This will also allow each 
musician to hear his own music blended with the composite music from 
the ensemble. 

4. Proper reverberation and resonance should be provided, so that 
each note will persist long enough to enable the artist to determine pre- 
cisely the true pitch of the following note; and so that all of the fre- 
quency components of music will be sufficiently emphasized and pro- 
longed to give a true and natural balance between bass and treble, with- 
out undue effort on the part of the artist. 

5. There should be no conjugate foci in the orchestra or stage space, 
and no echoes or interfering reflections from the rear wall, ceiling, or 
elsewhere. 


6. The acoustical properties of the room should be independent of the 
size of audience. The room should be approximately the same for re- 
hearsing as it is with partial or capacity audiences. 


The ideal room conditions for listening to music, are the following: 


1. The audience should be free from noise. 


2. Provision should be made for proper loudness. This involves the 
size of the room and the amount of absorptive material used in it. 
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3. Provision should be made for the reenforcement of sound by re- 
flection and resonance from suitably designed boundaries in the proxim- 
ity of the audience, thus giving a nearly uniform distribution of sound 
in all parts of the room. 

4. Proper reverberation and resonance should be provided, so that 
all of the frequency components of music will be sufficiently emphasized 
and prolonged to satisfy the highest standards of competent listeners. 
Reverberation must be prominent enough to sustain harmony and en- 
rich tonal articulation, but not so prominent as to impair the individual 
character and beauty of each note or chord in rapidly moving music. 


5. There should be no echoes, interfering reflections or sound foci in 
any part of the auditorium. 


6. The acoustical properties of the room should be independent of the 
size of the audience in the room. 


A number of these conditions are so obviously essential that it is al- 
most banal to mention them, and yet experience frequently demon- 
strates that even the most obviously essential conditions have been 
completely ignored or violated in the design of music rooms. One per- 
haps will be justified therefore in discussing these conditions, even 
though there is some risk of becoming commonplace. For the sake of 
clarity in analysis, the conditions for the production of music and for 
listening to music have been mentioned separately. Now, for the sake 
of unity and economy, many of these conditions will be considered from 
the standpoint of both production and listening. 


Freedom from Noise. It often happens that the problem of noise 
insulation in music rooms is overlooked, or is approached in a purely 
empirical manner. In the ideal music room, noise should be reduced to a 
level of not more than 10 to 15 db, which is about as quiet as it is possible 
to maintain a room with an audience, owing to such unavoidable noises 
as breathing, rustling of clothing, and moving in seats. Measurements 
in many existing concert halls and other music rooms reveal that noise 
from outside traffic, from the ventilating equipment, from the organ 
blowers, or from other equipment in the building often reaches a level 
of 30 db or more. Such noises are disturbing to both performers and 
listeners, and mask many of the more delicate tonal components which 
impart the finest quality to music. It is possible and feasible to make 
measurements of the noise level in the neighborhood of the proposed site 
for any music room, and then design the boundaries of the room such as 
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to reduce these noises to the required level.’ All equipment in the build- 
ing, and especially the ventilating equipment, the organ blowers, and 
the elevators, should be installed in such a manner as to reduce the 
noise coming from this equipment to a level of 10 db or less. These 
problems of noise reduction are now placed upon an engineering basis, 
and by suitable caution in selecting and designing the equipment it is 
possible to provide rooms which are free from noise—a condition of 
prime importance in all music rooms. 

Arrangement of Spaces for Orchestra, Soloists, Chorus, Organ and A udi- 
ence. The arrangement of the several spaces in a music room allotted to 
orchestra, chorus, and other required functions is largely an individual 
problem which must be worked out for each room, or at least for each 
type of room. Specific arrangements for a number of typical rooms will 
be recommended in the latter part of this paper, and only a few general 
principles will be mentioned at this point. The several spaces in any one 
room should be properly articulated, and should be adapted to function 
in the best possible manner. For example, the orchestra, stage and 
audience, in the usual theatre type of auditorium, should be so arranged 
that the orchestra will be heard on the stage with sufficient loudness, and 
will not be heard by the audience so loudly as to mask the singing on the 
stage. This defect is often encountered in opera and musical comedy 
houses: the singers on the stage will complain that they cannot hear the 
orchestra, and at the same time the audience will complain that they 
hear nothing but the orchestra. The deep orchestra pits, as found in 
Wagner’s opera house at Bayreuth, in the National Theatre at Oslo, 
Norway, in the Royal Opera House at Vienna, and in the Royal Hun- 
garian Opera House at Budapest, are certainly desirable at least from 
the standpoint of the audience—the singing from the stages of these 
opera houses is not masked by the orchestra, as is so commonly the case 
in opera houses with shallow orchestra pits. Further, when the brass 
instruments are located in the rear of the pit (which in some houses 
projects under the stage) there are no complaints about the “brass being 
too loud.” The use of a glass screen of adjustable height between the 
orchestra pit and the audience will help to give a proper division of 
orchestra sound between the stage and the audience. Additional sound 
can be obtained on the stage, if needed, by providing an adjustable grill 
or opening between the stage and the orchestra pit. 


7 For a method of calculating the amount of insulation supplied by various types of struc- 
ture, involving doors and windows, see the author’s article, “The Measurement and Calcula- 
tion of Sound Insulation,” Jour. of the Acous. Soc. of America, 2, 1, 129-140, (July, 1930). 
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The audience should not be located too near the orchestra or stage; 
otherwise some seats are likely to receive an undue amount of energy 
from nearby instruments in comparison with the sound energy which 
they receive from more remote instruments. An auditorium with diverg- 
ing walls, the orchestra and stage located at the narrow end of the room, 
and a separation of at least twenty feet between the seats and the or- 
chestra, will help to overcome this defect. If for economical reasons 
the audience must be seated nearer to the orchestra than about twenty 
feet, as in the theatre type of music room, a deep orchestra pit with a 
high partition between orchestra and audience will effectively ac- 
complish the desired separation. 

The best location for the organ is behind the chorus and the orchestra; 
and the organ should face the audience, so that it speaks directly into 
the main part of the room. This is usually done in concert halls, but 
difficulties are often encountered in church and theatre design. In 
many churches, however, the organ may be located behind and just 
slightly above the altar. In the theatre, the division of the organ on the 
two sides of the proscenium opening is probably the best location, al- 
though such a location is not based upon the sole interests of the organ 
but becomes a necessity in order to leave the stage opening free for other 
purposes. For this reason, as well as certain other reasons which will be 
discussed later, organ music does not sound so good in a theatre as it 
does in a church or a concert hall. 

Proper Loudness—Size and Absorbing Power of the Room. Experience 
with different kinds of music in small rooms indicates that the preferred 
or most favorable loudness level of music is at any average intensity of 
about 68 db. In order to maintain this intensity level in a room having a 
volume of 100 cu. m. and a reverberation time of 1.0 second at 512 d.v., 
the source should have a power of approximately 200 microwatts. This 
corresponds approximately with the power output of two average singers 
or two average musical instruments, although the power output from 
either singers or instruments may at times exceed this value a hundred 
fold. If an intensity level of 68 db provides an acceptable average loud- 
ness effect, and if each singer or instrument generates on the average an 
acoustical power of one hundred microwatts, it would be a simple matter 
to determine the acceptable size of a room which is to accommodate, asa 
rule, a specified number of singers or instruments. Thus, if 68 db be 
considered the optimal intensity level, and 1.0 seconds the optimal re- 
verberation time, a room having a volume of 30,000 cu. m. would re- 
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quire about 500 instruments or singers; or an orchestra of 100 would 
have to be crowded into a room of about five or six thousand cu. m. 
But experience seems to favor a time of reverberation in excess of 1.0 
second in very large rooms—partly because we are accustomed to re- 
verberant rooms and partly because the average intensity is less than 
68 db in large rooms. For practical reasons it is not feasible to have an 
orchestra as large as five hundred, nor is it customary to have large 
rooms with a reverberation time as short as 1.0 second. Some sort of 
compromise must be made, and the one recommended by F. R. Wat- 
son,’ namely that the energy of the source of sound should vary as the 
two-thirds power of the volume of the room, that is approximately as 
the floor area of the room, seems to offer a satisfactory guide in deter- 
mining the most favorable size of room for a certain number of instru- 
ments. On this basis, a room having a volume of 30,000 cu. m. would re- 
quire a source of sound having a power of about 9400 microwatts, or an 
orchestra of about ninety-four pieces. The question of the optimal size 
of a music room, however, should be subjected to further experimenta- 
tion before a final answer is given. But there is no urgent necessity for 
modifying the present practice, which conforms pretty closely to the 
conditions discussed above. It should be remembered that a two- or 
three-fold variation in the size of a room involves an intensity change 
of only 3 to 5 db in about 65 db. Further, the difference between a single 
instrument, as may be used in solo work, and a hundred instruments, in 
a full orchestra, is a difference of not more than 20 db, and usually is 
much less than this because a soloist always attempts to generate an 
adequate amount of energy for the room in which he is performing, and 
on the average his power output is very much in excess of one hundred 
microwatts. Thus, an average power output of one thousand micro- 
watts is a more probable value for a soloist or a single instrument in a 
very large hall. For these reasons, it is apparent that there is consider- 
able latitude in choosing the most favorable size of music rooms. Ex- 
perience has shown that if a small studio have a volume of about 100 to 
500 cu. m. (3500 to 18,000 cu. ft.), if a recital hall have a volume of about 
500 to 3000 cu. m. (18,000 to 100,000 cu. ft.), and if a concert hall have a 
volume of about 5000 to 30,000 cu. m. (180,000 to 1,000,000 cu. ft.), 
entirely acceptable conditions will prevail from the standpoint of volume 
or loudness of sound. As would be expected, oratorio, with combined 
orchestra and organ, requires a very large room, probably of the order 


8 F, R, Watson, “Acoustics of Buildings,” p. 37, (1930 edition). 
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of 17,000 to 70,000 cu. m. (500,000 to 2,000,000 cu. ft.). The most sub- 
lime effects of oratorio can be obtained only in spacious rooms. 

Proper Reverberation Characteristics. Many musicians, especially 
those who do not have an absolute sense of true pitch, depend upon 
reverberation to sustain one note long enough to determine the true 
pitch of the following note. (This of course applies primarily to instru- 
ments of the violin or the trombone type which have no fixed keys or 
frets, but it also applies to the brass and wood-wind instruments where 
the pitch can be slightly altered by the nature of blowing.) Further, the 
reverberation in the generating end of the room should be sufficient to 
give support and balance to the generation of music, to enable each per- 
former to hear his own music as well as that from all of his associates, 
and to impart to the music that life and brilliance which can come only 
with a proper amount of reverberation. Finally, the reverberation 
should have such a frequency characteristic as will give a natural bal- 
ance between bass and treble notes, without a strained effort on the part 
of the performers. 

The problem of the optimal time of reverberation from the stand- 
point of the listeners has attracted the attention of many investigators. 
Many attempts have been made to determine the optimal time of re- 
verberation for rooms of different size, and some attempts!® have been 
made to determine the most favorable relation between reverberation 
time and frequency. 

The variation of reverberation time with frequency will be considered 
first. What criteria should be adopted in determining the most favorable 
reverberation characteristic for a room? Should reverberation time be 
the same for all frequencies? Should the reverberation characteristic 
be what we are accustomed to—a composite made up of the absorp- 
tion characteristics of the audience and the boundaries of the room? 
Should it be based upon the frequency distribution of sound energy 
in music, so that all components of music, on the average, will die 
away to inaudibility in the same length of time? Or should it be based 
upon the physiological relation between loudness, intensity and fre- 

® Some observations and quotations of J. B. Upham (Amer. Jour. Science, 65, 358-360, 
(1853)) are of interest in this connection. He quotes the following significant remark of Gar- 
diner: “Who has not observed the peculiar lustre imparted to a musical performance in a 
spacious church, which heard in other situations would give the ear no pleasure?” Dr. Upham 
(an M.D. in Boston) possessed some remarkably advanced and accurate notions concerning 
the acoustics of music rooms, especially with respect to reverberation and resonance. 


10 W. M. MacNair, “Optimum Reverberation Time for Auditoriums,” Jour. of the Acous. 
Soc. of Amer., 1, 242-248, (1930), 
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quency, so that the rate of growth or decay of loudness will be the same 
for all frequency components?" This fourth criterion is the one adopted 
by MacNair,” and it leads to the interesting conclusion that the rever- 
beration time at about 100 d.v. should be about twice as long as the 
reverberation time at 700 d.v., that the reverberation time should de- 
crease gradually from 100 d.v. to 700 d.v., and remain constant from 700 
d.v. to 4000 d.v. The second, third and fourth criteria mentioned are 
all quite opposed to the first criterion—that of uniform reverberation 
time for all frequencies—and there seems to be good reason therefore to 
rule out this first criterion. Fortunately, the other three criteria lead to 
conclusions which are not widely divergent. For example, MacNair has 
shown that the criterion based upon a constant rate of growth or decay 
of loudness for all frequency components gives a reverberation char- 
acteristic quite similar to that found by W. C. Sabine for an audience— 
and an audience constitutes an important part of the total absorption 
in a music room. It remains to consider the type of reverberation char- 
acteristic which would be required by the third criterion, that is a 
characteristic which would allow all frequency components in music, on 
the average, to decay at such rates that they would reach inaudibility 
at the same time. From an analysis by Sivian™ of Liszt’s Hungarian 
Rhapsody Number Two, played on the piano, it is possible to deter- 
mine the intensity distribution for this type of music. Approximate 
data for this particular piece of music are given in the following table: 





Average 

Frequency Intensity 
Band in db 
62.5— 125 20 
125 — 250 42 
250 — 500 60 
500 -1000 72 
1000 -2000 68 
2000 -4000 60 
4000 -8000 42 


1 There is still a fifth type of reverberation characteristic—one in which the reverberation 
time increases as the frequency increases. Such a characteristic has been advocated by Wente 
(American Architect, August 20, 1928) for speech rooms, but there is little warrant for such a 
characteristic in music rooms, since it would over-emphasize the overtones. 

32 Loc. cit. 

3 L. J. Sivian, “Speech Power and Its Measurement,” Jour. of the Acous. Soc. of Amer., 
Supplement to January, 1930. 
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These average values of intensity are based not only upon the in- 
tensity distribution in any one chord, but depend also upon the fre- 
quency of occurrence of the different frequency components throughout 
the entire composition. However, the data gives a fair approximation to 
the actual intensity distribution in the average chord. It will be noted 
that the intensity at frequencies below 250 is of the order of 20 to 40 db 
whereas the intensity for frequencies between 500 and 2000 is of the 
order of 60 to 70 db. In order therefore that all frequency components in 
the Liszt’s Hungarian Rhapsody die away to inaudibility at the same 
instant, the reverberation time should be approximately constant from 
500 to 2000 d.v., and should gradually increase for frequencies below 
500 d.v., approaching a value at 100 d.v. of about two or three times the 
reverberation time required for frequencies between 500 and 2000 d.v. 
The reverberation time should also increase slightly for frequencies 
above 2000 d.v. This is in fairly good agreement with the recommenda- 
tion of MacNair, based on the fourth criterion. This agreement may be 
better for the Hungarian Rhapsody than would be found for other 
types of composition, but such other limited data as are available in- 
dicate that the energy distribution in the Hungarian Rhapsody is quite 
typical of that which will be found in most compositions. 

Turning attention to the optimal time of reverberation (for a fre- 
quency of 512 d.v.), experience seems to indicate that the time of re- 
verberation in a room should increase with the size of the room. The 
chief reason for this is no doubt attributable to the necessity for com- 
pensating for the diminished intensity of sound in very large rooms. 
Lifschitz, in 1926, and MacNair, in 1929, proposed a simple relation be- 
tween the average intensity of sound in a room (in decibels) and the 
time required for that sound to die away to inaudibility. For frequencies 
above about 500 d.v., this relation may be written in the form 


ST = K, (1) 


where S is the initial intensity level (in decibels) of sound in a room and 
T is the time required for that sound to die away to inaudibility. Mac- 
Nair expressed this relation in the form of a definite integral of the loud- 
ness taken throughout the time of decay of the sound to inaudibility. 
According to MacNair, this “implied that one’s brain is a ballistic in- 
strument which is concerned with not only the maximum value of loud- 
ness but also with the effect of loudness integrated throughout a con- 
siderable interval of time.” This is a rather plausible notion provided 
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the individual values of S and T do not depart far from the values to 
which we are accustomed. But certainly a feeble note dying away slowly 
cannot be expected to give the same sensation, or even a comparable 
sensation, with that of an intense note dying away quickly, especially in 
slowly moving music, even if the product of S and T be constant for 
both the feeble and the intense note. However, the results which are 
obtained on the basis of equation (1) are in such good agreement with 
the optimal times of reverberation recommended by Watson, Lifschitz, 
P. E. Sabine, and others—all of which are based upon the opinions of 
competent musical critics—that considerable confidence has developed 
in the correctness of some such relation as is expressed in equation (1). 
In using equation (1), certain assumptions have to be made with regard 
to the value of S, the reverberation equation, and an accepted time of 
reverberation for a room of specified size. In arriving at the value of S, 
both Lifschitz and MacNair assumed a constant rate of emission from 
the sound source in rooms of all sizes. Both assumed the Sabine rever- 
beration formula. Lifschitz assumed that the optimal time of reverbera- 
tion in a room having a volume of 260 cu. m. or less is 1.06 seconds, and 
MacNair assumed an optimal time of reverberation of 2.0 seconds in a 
room having a volume of 28,000 cu. m. (MacNair’s choice was based 
upon the good agreement of the findings of Watson, Lifschitz and P. E. 
Sabine, in rooms having a volume of about 28,000 cu. m., or 1,000,000 
cu. ft.) Perhaps the most questionable assumption made by both Lif- 
schitz and MacNair is that the rate of emission of the source is the same 
in all rooms. It is true that this assumption leads to results which are in 
good accord with the generally accepted values of the optimal time of 
reverberation for rooms of different sizes. But it must be remembered 
that most accepted optimal times have been based upon the Sabine re- 
verberation formula, and that the recent and more accurate reverbera- 
tion formula" will lower these optimal times some 15 or 20%. It seems 
advisable, in view of these facts, to ascertain the optimal times of re- 
verberation which are required by equation (1) when the rate of emis- 
sion of the source is not constant, but increases with the size of the room, 
for example, as the two-thirds power of the volume of the room. Let 
us assume that the average power of the source in a room, having a 
volume of 100 cu. m. and a time of reverberation of 1.0 second, is of the 
order of 200 microwatts, that is the source is made up of two units each 


4 Carl Eyring, “Reverberation Time in Dead Rooms,” Jour. of the Acous. Soc. of Amer., 
1,217-241, (1930). 
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generating 100 microwatts of acoustical energy. The average acoustical 
power of probable sound sources in rooms of different size will then be 
given by the equation 


E = 100” = kV?!3, (2) 


where E is the power of the source in microwatts, m is the number of 
musical instruments or singers in the room, V is the volume of the room 
in cubic meters and & is a constant. The approximate value of k can 
be determined by substituting the values of n=2 and V=100 for a 
small room having a volume of 100 cu. m. This gives k=9.3, and the 
probable average power of sound sources in music rooms of different 
sizes is therefore given by 


E = 9.3V?'3 microwatts. (3) 
Therefore, the intensity 7, in microjoules per cu. m., in a room of volume 
V will be 


4E 4X 9.3128 
[=—= ; (4) 





ca ca 


where c is the velocity of sound in meters per second and a is the total 

absorption in the room in square meters of perfectly absorbing surface. 
At minimal audibility the intensity J) is about 2.6 x 10-® microjoules 

per cubic meter. Hence 

V2/3 


I 
— = 14.2 
To ca 


X 10%. (5) 





And therefore the probable intensity J in a room of volume V is, in 
decibels above the minimal threshold, 





2/3 
Ss = 10 logio (14.2 x 10"). (6) 
ca 


Let r be the optimal time of reverberation, that is the time required for 
a decay of 60 db. Then 
S 
T = —. (7) 
60 


Substituting in (1) the values of S and T given by (6) and (7), 


‘J y2/3 2 
“| 10 logue 14.2-— x 10°) = K. (8) 
60 ca 
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Introducing the values of r=1.0 second, V = 100 cu. m., c= 344 meters 
per second and a=15.5 square meters, the value of K becomes 76.2. 
Now introducing in (8) the new reverberation formula, as given by 
Eyring, namely . 
.164V 
— S log, (1 — a) 


where S is the exposed interior surface of the room and a is the average 
value of the absorption coefficient of the surface S, there results 


.164V pis 2 
10 logio (14.2 ) x 10'| = 76.2. (9) 
— 60S log, (1 — a) caS 


When V =30,000 cu. m. and S=6400 square meters, a becomes .47, 
and the optimal time of reverberation r becomes 1.22 seconds. Hence, 
if the intensity of a sound source in a music room increases in proportion 
with the two-thirds power of the volume of the room (as is approxi- 
mately the case for orchestra halls), and if the time of reverberation in a 
room should increase with the size of the room in such a manner as to 
satisfy equation (1), it would seem that the optimal time of reverbera- 
tion in a large room having a volume of 30,000 cu. m. should be about 
1.22 seconds. This is not in good agreement with generally accepted 
values of the optimal time of reverberation for a large music room, 
namely about 2.0 seconds. However, it has already been mentioned 
that most of the data which Watson, Lifschitz and P. E. Sabine used in 
arriving at optimal times of reverberation were based upon the Sabine 
reverberation formula, and that if the formula of Eyring had been used 
the time for a music room having a volume of 30,000 cu. m. would be 
about 1.6 seconds instead of 2.0 seconds. Further, since large music 
rooms are often used with only a single instrument or singer as the sound 
source—under which condition the assumption of Lifschitz and Mac- 
Nair regarding the strength of the sound source may be approximated— 
a time of reverberation of about 1.60 seconds would be required to 
satisfy the condition ST =constant. If the arithmetical mean between 
1.22 and 1.60, that is 1.41 seconds, be taken as the optimal time for the 
large music room (30,000 cu. m.) such a compromise would provide a 
condition which would approximately satisfy ST =constant, both for 
orchestra or chorus and for soloists. 

The optimal times of reverberation to which the above analysis leads 








15 Loc. cit. 
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are admittedly short, and if experience should show that longer times 
are desirable, it will be necessary to find some other criterion than 
ST =constant to account for the preference of musical taste in the mat- 
ter of reverberation. Such a criterion no doubt can be found when and 
if needed. For the present it is more important that we ascertain just 
what is the preference of musical taste. 

It should be remembered that musical taste is profoundly influenced 
by the past. Music not only has been heard almost exclusively in rever- 
berant rooms, but most of the music of the past has been composed for 
reverberant or moderately reverberant rooms. Every room is a part of 
the musical instruments played in that room, and this fact has been in 
the mind of the composer, consciously or unconsciously, as he composed 
great masterpieces. Bagenal has given convincing evidence that much 
of Bach’s music was composed for Thomaskirche at Leipzig, a church 
that is somewhat more reverberant than our modern acoustically 
treated churches, but much less reverberant than the orthodox cathe- 
drals of Europe. The rapid movement of the fugues and toccatas of 
Bach was no doubt encouraged by the acoustics of Thomaskirche. It is 
not improbable therefore that the present trend toward non-reverber- 
ant rooms will influence contemporary and future composition. 

There is another important factor regarding the optimal reverbera- 
tion time in music rooms, and that is that there probably is not only one 
but that there are many optimal times of reverberation for the same 
room—a particular time and character of reverberation for each type of 
music. The optimal time of reverberation for the slow and sustained 
harmony of oratorio and nearly all church music probably is much 
longer than the optimal time for the quickly moving music of opera or 
orchestra. According to Bagenal, the ponderous music of Wagner re- 
quires more reverberation than does the melodious music of Verdi. Even 
the different compositions of the same composer, or the different parts 
of the same composition, require different amounts and types of rever- 
beration. The eventual solution of the reverberation problem in music 
rooms therefore may call for adjustable absorption so that the reverber- 
ation may be controlled to meet the requirements for different types of 
music.!® Optical effects are often used to influence musical rendition. 


16 This is already done in many radio broadcast and sound picture studios. The reverbera- 
tion time in the municipal broadcast studio in Budapest, for example, can be varied from about 
.5 second to more than 4.0 seconds. C. Moeller, in a paper presented before the XII Interna- 
tional Congress of Architects in Budapest, September, 1930, recommended adjustable rever- 
beration for auditoriums. 
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Acoustical effects, such as the control of reverberation, may be expected 
to add considerably to the beauty and artistry of music. The organ, for 
example, would enjoy an even greater versatility than it now does if the 
organist could control the reverberation in the room to suit the type of 
music he is playing—a long reverberation period for the full sustained 
chords of the diapasons, and a short period for the rapidly moving 
fugues on the strings and wood winds. 


Resonance. The resonant properties of a room are affected by the 
shape and size of the room, by alcoves, recesses or objects in the room, 
but principally by the forced vibration of the boundaries of the room. 
Wood flooring, wood paneling, and plaster on lath, for example, are very 
easily set into forced vibration, either by the direct mechanical coupling 
of such instruments as the cello, bass viol or piano, which are in contact 
with the floor, or by the aerial waves which impinge upon the boundaries 
of the room. The forced vibration of these resonant surfaces is of course 
influenced by the free or natural modes of vibration of the resonant 
surfaces, so that the re-emitted sound from these surfaces has a fre- 
quency distribution which is different from that of the incident sound. 
The amount of this re-emitted sound is not inconsiderable. For example 
when a low pitched sonorous note is produced in a room, the vibration 
of the wood paneling in the room can be felt with the finger tips or 
measured with seismic devices. No adequate measurements of this 
“resonant” sound have been made as yet, and it is therefore premature 
to speculate concerning its quantitative effects upon music, but there 
seems to be an unquestioned preference among both musicians and 
music lovers for rooms which contain large surfaces of resonant ma- 
terials, and until more quantitative data on the effects of resonance are 
obtained it would seem advisable to be guided empirically by this pref- 
erence, and include certain areas of resonant materials, as wood panel- 
ing or plaster on lath, in the design of new music rooms. 


Echoes, Interfering Reflections and Sound Foci. The phenomena of 
echoes, interfering reflections and sound foci will be considered jointly, 
since they are all dependent upon the matter of shape and size of the 
auditorium. Chronologically, at least, they should receive considera- 
tion before all other problems in design. The rules for avoiding these 
troublesome defects are rather simple, and can be found in any good 
treatise on architectural acoustics. Only a few general rules will be 
mentioned here, as follows: 


(1) Avoid shapes and dimensions which will result in large differences 
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of path between the direct sound rays from the source to the listener 
and the reflected sound rays from the source to the listener. A path 
difference of about 65 ft. is required to produce an echo, but a difference 
as great as fifty-five feet will produce an interference, especially in 
rapidly moving music. If the size of the building requires dimensions 
which involve path differences in excess of fifty-five feet, the surfaces 
which give rise to these delayed reflections should be well broken, so 
that the reflected sound will be diffused, rather than regularly reflected. 


(2) Concave surfaces nearly always converge reflected sound in such 
a manner as will produce sound foci. Such surfaces should be avoided 
if possible, but if they are indispensable the radii of curvature should 
be either very small or very large in comparison with the lineal dimen- 
sions of the room. A cylindrical rear wall, with center of curvature near 
the stage, or a cylindrical or spherical ceiling, with the center near the 
floor, are two of the most common sources of sound foci in auditoriums, 
and often the differences of path are great enough to introduce either 
echoes or interfering reflections. 


(3) The design of a room should be guided by the basic principles 
mentioned in (1) and (2), and if any question arises with regard to shape, 
a study of the propagation of waves should be made with model sec- 
tions, either with the ripple tank or by spark photography. 


Variation of the Acoustical Properties of a Room with the Size of the 
Audience. The acoustics of every room should be as nearly independent 
of the size of the audience as possible. The most satisfactory method of 
providing this condition is to equip the room with heavily upholstered 
seats. Professor Watson has recently tested some upholstered seats 
which have approximately three-fourths as much absorption as a per- 
son. If a room be equipped with such seats, the reverberation in the 
room will be nearly the same whether empty, or occupied by a partial 
or a capacity audience. If the room cannot be equipped with uphol- 
stered seats, the floor, especially under the seats, should be carpeted, 
and additional absorption should be used in the room so that the rever- 
beration time will not vary between wide limits when the room is used 
for rehearsal purposes and when it is used with either small or large 
audiences. 

The principles which have been discussed in the preceding sections 
can be studied, and in many cases tested, in many well known halls 
which have gained reputation either for acoustical excellence or for 
outstanding acoustical defects. 
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III. AcousTICAL PROPERTIES OF SOME EUROPEAN Music Rooms 


1. Salle Pleyel, Paris. The Salle Pleyel in Paris, a large concert hall 
erected in 1927, was proclaimed by its sponsors and at least one en- 
gineer!’ as the French solution of a big problem in architectural acous- 
tics. It has received both favorable and unfavorable criticism from 
many sources.!* The form of the hall represents a rather wide departure 
from conventional shapes, and if it does not prove as epochal as its 
sponsors had anticipated, it at least provides a large and important 
experiment in the acoustics of music rooms, and it undoubtedly will 
exert an influence on future design. 

A plan and two sections of the hall are shown in Figs. 1, 2 and 3. 
Exclusive of the stage, it is 51 meters long, 21 to 31 meters wide and 
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Fic. 1. Plan of Salle Pleyel, Paris, showing the diverging side walls. 


about 19 meters from floor to ceiling. It seats 3000 persons, and the 
stage will accommodate a combined chorus and orchestra of 500. The 
plan shows how the side walls diverge in fan shape, allowing a good view 
of the stage, and a free flow of sound from stage to audience. The side 
walls are not vertical but incline inwardly, and thus favor the reflection 
of sound down toward the audience. The non-parallel walls also help to 
prevent multiple reflections between parallel walls. 

But the chief acoustical interest in Salle Pleyel lies in its longitudinal 
section, which is made up of three nearly parabolic sections each seven 


17 P, Calfas, “La Nouvelle Salle de Concert Pleyel,” Génie Civil, October 29, 1927. 
18 See, for example, Osswald, “Akustische Parabelsiille,” Schweizer Bauzeitung, Band 95, 
January 25, 1930. 
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sound to all seats in the parquet and the balconies. This reflected sound 
is not delayed enough to produce an echo, but because of the great 
height of the ceiling some of the reflected sound is delayed enough to 
produce a slight interfering effect in the central portion of the parquet. 

The shape does provide an effective means of directing an abundant 
supply of sound energy to the audience, so that the softest notes of the 
violin are heard clearly in all parts of the hall. The shape however offers 
a difficulty in its reversible reflection of sound—noises originating in 
the audience are reflected toward and concentrated upon the stage. 
This often produces an annoyance to both performers and conductor. 

The history of the control of reverberation in Salle Pleyel is instruc- 
tive. It was constructed initially without regard to the customary cal- 
culations of reverberation. The walls and ceiling were hard plaster over 
reinforced concrete. The acoustical engineer, Gustave Lyon, who was 
largely responsible for the design, proceeded on the principle that it is 
the “once reflected sound” that largely determines the acoustical quality 
of a room, and he wanted to favor this reflection as much as possible. 
As initially completed, the time of reverberation in the room, according 
to Osswald,!* was slightly over 4.0 seconds and with 2000 persons pres- 
ent it was about 2.2 seconds. Subsequently some vegetable felt material 
was introduced on the rear side walls, above the balconies, and on the 
faces of the balcony rails. This reduced the reverberation time to about 
2.0 seconds, with an audience of 2000. Following a fire in the hall, in 
1928, a large amount of mineral fibre felt was installed in the soffits of 
the balconies, the ceilings above the balconies, and on the rear side 
walls above the balconies. In addition, the floor was heavily carpeted 
and very absorptive upholstered seats were installed. In August, 1930, 
with the auditorium in this condition, the writer made some reverbera- 
tion measurements with a 512 d.v. organ pipe and obtained a time of 
reverberation of 1.75 seconds with no audience present. With an 
audience of 2000 persons the reverberation time would not exceed 1.55 
seconds, and with a capacity audience of 3000 it would be about 1.45 
seconds. These are rather short reverberation periods for a room having 
a volume of 22,000 cu. m. (780,000 cu. ft.), but no complaints are made 
about the room being too “dead.” The absorptive treatment was added 
presumably for the purpose of preventing the reflection of audience noise 
to the stage, but it is probable that its effect upon reverberation was a 
potent factor in providing an improved acoustical condition in the hall. 


19 Loc. cit. 
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2. Albert Hall, London. This hall, of royal fame, is interesting be- 
cause it exhibits nearly all of the acoustical defects which should be 
avoided in the design of concert halls. Two sections of the hall are 
shown in Fig. 4. It is excessively reverberant; there are numerous 
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Fic. 4. Sections of Albert Hall, London. 


echoes, delayed reflections and sound concentrations owing to the high 
concave ceiling; and there are no adequate reflecting surfaces in close 
proximity to the orchestra platform. According to the sectional draw- 
ings in Fig. 4, prepared by Bagenal, the reflected sound from the ceiling 
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may be delayed as much as 200 feet behind the direct sound, or nearly 
one-fifth of a second; and with the converging effect of the concave 
ceiling the reflected sound may be as loud as the direct sound. The in- 
stallation of the indicated velarium has helped to reduce these concen- 
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Fic. 5. Approximate plans of the Konzerthaus and the Musikvereinssall, Vienna. 


trated reflections but they yet constitute a serious annoyance, espe- 
cially on the main floor. 

3. Musikvereinssaal and Konzerthaus, Vienna. There are two con- 
cert halls in Vienna which afford an interesting comparative study of 
room acoustics. The Musikvereinssaal enjoys an unusually fine repu- 
tation—both performers and listeners proclaim it as an ideal hall. The 
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nearly Konzerthaus, on the other hand, which is approximately of the same 
ncave size and shape, and which has nearly the same time of reverberation at 
he in- 512 d.v., is not held in high repute either by performers or listeners. 
ncen- Fig. 5 shows approximate plans of both the Musikvereinssaal and the 


Konzerthaus. Fig. 6 shows an interior sketch of the Konzerthaus. The 
Musikvereinssaal is rectangular in shape, has a flat ceiling about 15.7 


Wiener KNongerthaus. 
(ILI. Lothringerftrage 20.) 


Grofer Saal, Fafjungsraum: 2076 Perfonen. 
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Fic. 6. Interior view of the Konzerthaus, Vienna, showing the j 
concave ceiling and the seating arrangement. 
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a. meters (50 feet) high, has a volume of about 8200 cu. m. (290,000 cu. 
ft.), has side and rear balconies, and seats about 1800 persons. The 
espe- Konzerthaus, as shown in Figs. 5 and 6, is approximately rectangular 


in shape, but has a concave wall behind the stage, a concave ceiling, and 


con- a slightly concave rear wall; there are loges on the sides, and a balcony 4 
ly of and gallery at the rear; the ceiling height is approximately 17 meters 2 
repu- (57 feet), and the seating capacity is 2000. The volume of the Konzert- 


haus is approximately 12,000 cu. m. (420,000 cu. ft.). 
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All floors in the Musikvereinssaal are wood, the walls are plaster on 
brick, except the stage walls which are wood, and the ceiling is sus- 
pended lath and plaster. The plaster is a three-coat job, is fairly soft 
(knife test), and is finished in a special gypsum material which is so soft 
and elastic that it yields perceptibly to even the pressure of one’s 
knuckles. The surface has been sized with a starchy material and decor- 
ated with a flat porous paint. The only fabric in the room is a narrow 
hanging around the lower rail, about 70 sq. m. 

The main floor of the Konzerthaus is wood, the floor in the loges is 
covered with a thin carpet, and the floor in the balcony is covered with 
linoleum. The walls are hard plaster on concrete covered with damask, 
and the ceiling is plaster on concrete slab. The seats are upholstered 
with a thin padding less than one inch thick. There is therefore con- 
siderable material (damask on walls below balcony, and on rear walls 
above balcony and gallery, thin carpet and thin upholstering on seats) 
which is selectively absorptive for high pitched sound. 

The Musikvereinssaal is free from echoes, interfering reflections and 
sound foci. The Konzerthaus has a number of echoes and sound foci, 
owing to reflections from the concave front and rear walls, and the 
concave ceiling. 

The reverberation times in the two halls (based upon measurements 
made in the empty halls) are given in the following table: 


Size of Audience Musikvereinssaal Konzerthaus 
No audience 5.1 seconds 4.6 seconds 
Two-thirds filled 1.8 “ in 
Capacity audience Elles ys * 


If these two halls were appraised on the basis of the generally approved 
reverberation times for music rooms, the Konzerthaus probably would 
be given the higher acoustical rating, which is just contrary to a very 
decided preference for the Musikvereinssaal. What then are the physi- 
cal facts which are responsible for the superior acoustics in the Musik- 
vereinssaal? They are, the writer believes, the following: (1) the shorter 
time of reverberation in the Musikvereinssaal—1.35 seconds is in fairly 
good agreement with the optimal time based upon calculations given 
earlier in this paper; (2) the over-absorption of the high frequency com- 
ponents and the under-absorption of the low frequency components in 
the Konzerthaus, owing to the damask covered walls and the carpet in 
the loges; (3) the better shape and size of the Musikvereinssaal, thus 
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eliminating sound foci and delayed reflections, and providing an ade- 
quate loudness without the support of excessive reverberation; and (4) 
the greater area of resonant materials, such as wood and plaster on 
lath, in the Musikvereinssaal, which seems to enhance the quality of 
music. 

4, Leipzig Gewandhaus. The Leipzig Gewandhaus is quite univer- 
sally regarded as a model among the concert halls of the world. The plan 
and sections for this room, as prepared by Bagenal,?° are shown in 
Fig. 7. W. C. Sabine* and Bagenal have described the acoustical prop- 
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Fic. 7. The Leipzig Gewandhaus. 


erties of this hall, and have calculated its reverberation period at 512 
d.v. From the standpoint of shape it is much like the Musikvereinssaal 
except that the corners both in plan and section are coved. It has a 
volume of 10,200 cu. m. (360,000 cu. ft.). It is free from delayed reflec- 
tions, echoes and harmful foci; and it is bounded by surfaces which are 
well suited for resonance—lime plaster on wood lath, wood floor, and a 
large area of wood paneling. Sabine calculated the reverberation time 
as 2.30 seconds, with a capacity audience; and Bagenal calculated it as 


20 Hope Bagenal and Godwin Bursar, “The Leipzig Tradition in Concert Hall Design,” 
Jour. Royal Inst. of Brit. Arch., 756-763, Sept. 21, 1929. 
1 'W. C, Sabine, “Collected Papers on Acoustics,” pp. 60-68. 
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4.2 seconds, empty, and 1.99 seconds, with a capacity audience. The 
discrepancy between the two calculations is partly attributed to differ- 
ences in the ceiling height—Sabine had to depend upon measurements 
which were furnished him from abroad, and the ceiling height used was 
too high. 

In September, 1930, the writer obtained some measurements of the 
reverberation time in the empty hall. The measured time was only 2.4 
seconds. The seats were covered with a light canvas spread over the 
entire seated area, which introduced some uncertainty in calculating 
the reverberation for different sized audiences, but if each seat as 
covered be assumed to have an absorption of 2.5 square foot units, 
which is approximately correct, the time of reverberation with a ca- 
pacity audience of 1560 and an orchestra of 80 will be of the order of 
1.5 seconds. This is .8 second shorter than W. C. Sabine’s, and .5 second 
shorter than Bagenal’s, calculated times. But a large part of this differ- 
ence is attributable to the difference between the old and the new rever- 
beration formulas; and an examination of the soft plaster on lath, the 
hangings, and the wood floor leads the writer to believe that the coeffi- 
cients of these surfaces were slightly under-estimated in the calculations 
of Sabine and Bagenal. 

It would be desirable to obtain more precise measurements of the 
reverberation in the Gewandhaus with an audience present, since there 
are yet a number of uncertainties in the calculations. However, there 
is ample evidence that the actual reverberation time is considerably 
shorter than the existing published times, and it is probable that the 
reverberation time with a capacity audience is not much, if any, in 
excess of 1.5 seconds. Here, as in the Musikvereinssaal, good acoustical 
properties are identified with rather short reverberation times (1.35 
and 1.5 seconds at 512 d.v., and about double these values at 128 d.v.), 
with shapes that are free from pronounced concave surfaces, and with 
rooms that are bounded, in large part, with resonant materials. It 
should be mentioned also that both halls are remarkably free from out- 
side noises. 


5. Beethoven Saal, Berlin. Beethoven Saal in Berlin is of conven- 
tional rectangular shape; seats 1000 persons; has a volume of about 
6400 cu. m. (225,000 cu. ft.); has a mesured reverberation time of about 
4.0 seconds, empty, and a calculated time of 1.7 seconds with a capacity 
audience. The floor is wood; there is a wainscot of hard wood around the 
entire room including the orchestra platform; the upper walls of the 
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platform or stage are lined with an absorptive felt covered with bro- 
caded cloth; and the walls and ceiling of the main part of the hall are of 
hard or ornamental plaster. The room does not enjoy a good reputation 
in the matter of acoustics. It would appear that the felt treatment on 
the upper walls of the stage had been introduced as a corrective meas- 
ure for excessive reverberation. The result is a rather “dead” stage and 
a too reverberant auditorium, and it is likely that this condition consti- 
tutes the principal cause for complaint. In addition, the hall is not ade- 
quately insulated against outside noise. 

6. European Opera Houses. Measurements and observations made 
in several of the leading opera houses in Europe reveal that the rever- 
beration time is usually quite short—not more than 1.60 seconds, with 
no audience present, in the royal opera houses in Berlin (Unter den 
Linden), Vienna, and Budapest; and only one or two tenths of a second 
longer than this in the opera houses at Paris, Leipzig and Dresden. In 
the Berlin house, for example, the measured time in the empty audito- 
rium with the asbestos curtain down was only 1.55 seconds, and it is 
certainly shorter than this with an audience present. Nearly all of the 
European opera houses are of the conventional horseshoe shape, with 
three or four levels of boxes, balconies or galleries completely encircling 
the rear and side walls; and consequently nearly all of the interior 
boundaries of the auditorium, with the exception of the ceiling, are 
highly absorptive, thus accounting for the exceptionally short times of 
reverberation. All of these houses are reputed to have very good acous- 
tics. The Berlin and Vienna houses sounded slightly “dead” for Wag- 
nerian operas but the short reverberation time in these opera houses 
was highly advantageous for the melodious music of such composers as 
Verdi and Mozart. A short reverberation time in opera houses makes it 
easier for the listeners to recognize the words in songs, and it is probable 
that this factor is responsible, in part at least, for the good reputations 
enjoyed by many opera houses with short reverberation times. 

7. Thomaskirche, Leipzig. Bagenal” has given an interesting account 
of the fine acoustics of Thomaskirche, especially for organ music and 
oratorios. A plan and sectional drawing of this church are shown in 
Figs. 8 and 9. The shape and arrangement of the several spaces are 
very good, and there is a large area of resonant material. Bagenal cal- 
culated the reverberation time in the church, and obtained a time of 
6.6 seconds, empty, and 2.5 seconds with a capacity audience of 1800. 


22 Loc. cit. 
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The writer obtained a measured time of 5.4 seconds in the empty church, 
and a calculated time of 2.2 seconds with an audience of 1800. It is 
interesting to note that these times of reverberation are considerably 
longer than those found to be most satisfactory in concert halls and 
opera houses, and yet musical opinion, including Bach’s, places a very 
high rating upon the acoustical properties of Thomaskirche. It is highly 
probable that most organ and oratorio music requires more reverbera- 
tion than is required for orchestra or opera, and it would seem that the 
reverberation in Thomaskirche is pretty near the optimal time for 
organ or oratorio. But it should be mentioned that other factors are 
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Fic. 8. Plan of the Leipzig Thomaskirche. (After Bagenal.) 


favorable for good acoustics in Thomaskirche. The organ and choir are 
well located in the rear balcony. The organ is behind the choir, in a re- 
cess in the rear wall, and thus supports, without submerging, the choir. 
The music both from organ and choir flows directly into the nave, with- 
out any obstruction. There are no transepts, but there are side galleries 
running parallel with the side walls. The ceiling and walls are well 
broken, and thus diffuse the reflected sound without producing any con- 
centrations. The groined arches and ceiling surfaces are slightly curved, 
but do not produce any concentrations near the audience level. There 
are large surfaces of wood paneling and wood flooring which are well 
adapted for resonance. It would appear that the entire wood floor had 
been designed as a sounding board. It is made of ? inch thick pine 
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boards, 12 to 16 inches wide, carefully joined and screwed to wood 
sleepers spaced about 24 to 28 inches on centers. There is a deep air- 
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Fic. 9. Cross section of Leipzig Thomaskirche. (After Bagenal.) 


space under the wood floor which gives a pronounced resonance to the 
floor paneling. European authorities, as Petzold and Bagenal, believe 
that this resonance is an important factor in determining the acoustical 
quality of music rooms. 
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In Figs. 10 to 13 are shown some suggestive studies of typical music 
rooms which embody the desirable features of shape, size, arrangement 
of spaces, and materials advocated in this paper. There are of course 
many other designs which may be equally as good, but the ones shown 







Fy 


wal 


| Wood f/oor 
| 
| 





BQlCorny Lime 











_— Hord Pyos aaa 


Wood Paneling — 


Plen 
corarion 
statt De 
Beams or 
: 


Section 
2s 50 


75 


Approxmote Scale of Feet 
Concert Hall 


Fic. 12. Acoustical study of a concert hall. 


are free from such defects as echoes, sound foci and excessive reverbera- 
tion, and provide acoustical conditions for both performers and listeners 
which have received an almost universal approval. It will be noted 
that in both the small studio and the recital hall the performers are in a 
relatively reverberant and resonant space, and the listeners are in a 
relatively “dead” space—an arrangement which is not only in accord 
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with experience but one which has been demonstrated to be highly satis- 
factory in some experiments of F. R. Watson.** The absorption on the 
end wall, the window recesses on the one side wall, and the broken 
ceiling, all help to prevent multiple reflections between parallel surfaces, 
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and also help to maintain a uniform rate of decay of sound in the three 
cardinal directions in the room. If, for example, the absorbing material 
is all concentrated on the ceiling and the floor there is a noticeable tend- 
ency for an excessive prolongation of reflections in directions parallel to 


23 F, R. Watson, “Ideal Auditorium Acoustics,” Jour. Amer. Inst. of Arch., (July, 1928). 
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the floor, since the reflections between floor'and ceiling are quickly ab- 
sorbed.”4 

The low, sloping ceiling of the concert hall not only favors a nearly 
uniform flow of reflected sound to all auditors but it keeps down the 
volume of the room and obviates the necessity of a large amount of 
absorptive material to give the optimal reverberation time. The opera 
house, which follows the general lines of the new Chicago Opera House, 
has walls and ceiling which diverge from the stage opening in rectangular 
steps, thus providing the advantages mentioned for the concert hall. 
The angular wall and ceiling surfaces reflect and diffract sound diffusely 
to all parts of the building, and prevent delayed interfering reflections. 
The deep orchestra pit, with the projection under the stage, and the 
rather high partition between the orchestra and audience, helps to 
maintain a proper balance between orchestration and singing on the 
stage. A portable wood veneer stage set, with diverging walls and a 
sloping ceiling, indicated on the drawings with dotted lines, is provided. 
This set should be used whenever possible, as for interior scenes, con- 
certs, or speaking purposes. Large areas of resonant materials are pro- 
vided in both the concert hall and the opera house. Absorptive material, 
as needed to give the optimal reverberation time, is specified for the 
rear walls, thus reducing reflections back to the stage and providing 
most of the absorption in the listening rather than in the generating end 
of the room. 

In conclusion, although much is already known concerning the funda- 
mental principles which should guide the design of music rooms, many 
problems require further research and cooperative study. Data on 
many highly acclaimed music rooms are desirable; experiments of the 
type conducted by W. C. Sabine in the five small music studios should 
be extended to larger rooms and should include tests with other types 
of music; and the phenomena of delayed reflections and resonance 
should be studied quantitatively. These are some important questions 
which must be answered before definite rules can be established for 
guidance in the design of ideal music rooms. In the meantime, if what is 
known be utilized, rooms can be designed and constructed which will 


*4 Rooms treated in this fashion have two rates of decay, or two reverberation times—a 
short time for vertical components and a long time for horizontal components. Such a condi- 
tion is an undesirable one, and in rooms with plane parallel walls it accentuates the “multiple 
echo” or “flutter” which results from the prolonged reflections between the parallel walls. The 
absorptive material in a music room should be distributed in such a manner as will favor a 
diffuse state of sound during the growth and decay of sound in the room. 
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be free from the defects of excessive reverberation, echoes, sound foci, 
and disturbing noises. In addition, shapes can be designed which will 
favor a nearly uniform distribution of reflected sound to all auditors, 
and such materials as wood and plaster on lath can be used to provide 
adequate resonance. 

As regards the choice of the optimal time of reverberation in the de- 
sign of new music rooms, the findings, experience, and calculations of 
the writer would favor the times indicated by the curves in Fig. 14. It 
will be noted that the optimal time of reverberation is made to depend 


Optimal Time of Reverberation 
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Fic. 14. Chart showing optimal times of reverberation for music rooms. The optimal time is not 
given by a single curve, bul by the shaded band, indicating that the optimal time of reverberation 
is different for different kinds of music. The optimal curve for speech halls is shown for compari- 
son. 


not only upon the size of the room but also upon the character of the 
music which is to be rendered in the room. Organ or oratorio music re- 
quires a fairly large, reverberant room; solo or chamber music is better 
in a fairly small, non-reverberant room; and opera or orchestra music 
requires considerably less reverberation than does organ or oratorio 
music. The music of Wagner, for example, probably requires more re- 
verberation than does the music of Verdi. This is indicated on the chart. 
It would be desirable therefore to be able to vary the reverberation time 
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foci, . saa : F ao , 
will in music rooms. The use of suitable shutters in the ceiling, with absorp- 
tors, tive material behind the shutters, is one means by which a quick and 
wide convenient change of reverberation time could be effected. Such changes 

would offer interesting possibilities for producing new and artistic 
= de. effects in music. It does not seem improbable therefore that at least 
_— some music rooms of the future will have provisions for adjusting the 


. It reverberation time to give the best possible effects to the rendition of 


pend different types of music. 
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SOUND RAYS AS EXTREMALS 


By H. BATEMAN 





California Institute of Technology 






1. Equations of the sound rays. 





When there is a small perturbation from a prescribed state of motion 
of an atmosphere, sound will be said to be passing through the atmos- 
phere. Usually the prescribed motion of the atmosphere may be sup- 
posed to be steady or apparently steady. In the first case the component 
velocities u, 7, w at a a point x, y, z in the prescribed state will be func- 
tions of x, y, z only; in the second case it is certain observable mean 
values of the instantaneous velocities that are functions of x, y, z but not 
of the time ¢. The perturbations are governed by a certain set of linear 
partial differential equations! which we shall call the system P. When 
there is associated with these perturbations a set of moving surfaces 

























6(x, y, 2, t) = constant (1) 


which can be regarded either as surfaces of equal phase or as surfaces of 
discontinuity of some kind, the quantity @ is a solution of the Hamilton- 
ian differential equation? 


(of CH+ CN} a 


which is the partial differential equation of the characteristics of the 


system P. 
In this equation the symbol (d/d?) is used to denote the hydrody- 


namical operator® 
d a) 0 te) 0 
( ) = — + uw— + o—_+ w— (3) 
dt ot Ox dy Oz 








and represents a complete differentiation with respect to the time for a 
moving particle of air; the bracket is used to distinguish this operator 


1V. Bjerknes, “Die atmosphirischen Stérungsgleichungen,” Beitr. z. Physik. der Freien 
Atmosphire. Bd. x11, Heft. 1 (1926). Geofysiske Publikasjoner, Vol. V., Oslo (1929). Zeits. 
f. angew., Math. u Mech., Bd. vir (1927). 17. 

2H. Bateman, Monthly Weather Review, January, 1918. P. Duhem, Hydrodynamique 
elastique, Acoustique, t. 1. p. 204. For some remarks regarding the validity of equations (2) 
and (8) when the motion of the air is not irrotational see K. Aichi, Proc. Phys. Math. Soc. Ja- 
pan (3) (1920) 11 63. 

3 Usually denoted by the symbol D/Dt. See Lamb’s Hydrodynamics, 5th ed., 1924, p. 3. 
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from the operator d/dt which will be used to denote a complete differ- 
entiation with respect to the time along a sound ray. 

The coefficient a represents the local velocity of sound. When the 
prescribed motion of the atmosphere is steady a can be regarded as a 
function of x, y, but not of t. When the prescribed motion is only ap- 
parently steady the properties of a are somewhat uncertain but for the 
sake of complete generality we shall suppose that a is a prescribed func- 
tion of x, y, z and ¢. The Hamiltonian equation is thus generally of the 
form 


H (6, Oy, 92, 9:, x, y, 2, t) = 0 (4) 
where 
00 00 00 00 ‘ 
6,=—) j.=—» ,=—» 1. = — (5) 
Ox Oy 02 Ot 


but when the prescribed motion is steady H does not involve ¢ explicitly. 

Following Hadamard‘ we shall define the rays of sound as the char- 
acteristics of the partial differential equation H =O; they are thus given 
by the equations 




















dx dy dz dt ; 
-= rie = -— = > (6) 
OH OH OH OH 
00, 00, 00, 0&8, 
which are found by means of (2) and (3) to be 
dx dy dz dt . 
_— — ti rece (7) 
d dé dé dé 
u (=) - 6%, (5) — a%, w(=) — a6, ome 
dt dt dt dt 
These equations may be written in the alternative form 
dx dy dz 
—=u-+al, =v+t+am, —=wtan (8) 
dt dt dt 


where /, m, n are the direction cosines of the wave-normal to the phase- 
surface through the point x, y, . The analytical expressions for x, m, n 


are 
ae, ae, ae, 


wo a ee ee ( 
(5) Gs dt 


‘ Lecons sur la propagation des ondes, A. Hermann, Paris (1903). p. 347. 
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and it is readily seen from (2) that they satisfy the equation 
122+ m?+ n? = 1. (10) 


The equations (8) may be interpreted to mean that the surfaces of equal 
phase spread out relative to the moving air with a normal velocity a. 
This principle is adopted as a hypothesis by Milne® and some other 
writers. 

Noting that for a differentiation with respect to the time along a ray 
we have 


— = == 4)— — 9 n)— 
, 7 uta hs v+am + w+ta " ) 


we find that 











dl dh 076 076 076 0°60 
—=-6,-- i} + (u+ al) + (v + am) + (w+ an) =| 
dt dt xd" Oxdz 





Oxdt Ox? Oxdv xOz 
where 
a 
k= 
& 
dt 
Now 











7) (=) 0°60 0°60 0°60 00 du 00 dv 00 dAwdé 








—)= u —— w —— 
Ox\dt Oxdt Ox? Oxdy 0x0 «Ox Ox Ox dy Ax dz 
0°0 0°60 0°60 1 ¢a 
IH—_ + m +n = — —h—[0,? + 0,7 + 0.| 
Ox? Oxdy Oxdz 2 Ox 
(< *) 1 da 1 a (< *) 
7 dt/ a* 0x a dx\at/] 
Therefore 
Po (log h) dl . he 1 dv 1 Ow 1 da L 
—(log h) = — — + m + u—+—=L,5a 
. Ox 0x Os Oe” 


(12) 


5 E, A. Milne, Phil. Mag., xxxxtr, (1921), p. 96. 
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Similarly 
d dm Ou dv dw da 
m—(log h) = — + l—- + m—-+n +— = M, say 
dt dt dy dy Oy dy 
d dn Ou Ov dw da 
n—(log h) = — + — + m—+n— +— = N, say. 
dt Ot Oz Oz Oz dz 


These are Milne’s equations® for the variation of /, m and m along a ray. 
The above derivation indicates that they are valid even when u, v, w 
and a depend on ¢ as well as on *, y, and z. 

2. Derivation of the equations for a ray from a variational principle. 


Milne obtained the equations (12) directly from (8) by considering a 
consecutive ray through a point x+46x, y+dy, z+6z where 6x, dy, 52 are 
increments such that 

lix + méby + néiz = 0 (13) 
Operating on this equation with the operator d/dt and assuming that 
d (8x) so d (sy) £2 d (62) Pi (14) 

i @2ue eas za 


moreover, recalling equations (8) and noting that 








O(u + al) O(u + al d(u + al) 
5(u + al) = STe ieee es. — dz 
Ox oy Oz 
we find that 
Lix + Méby + Néz = 0. (15) 


This equation is satisfied for all increments 6x, dy, 5z satisfying (13) if 
kl = L, km = M, kn = N (16) 


where & is some multiplier whose value is readily found since /, m and 
must satisfy (10). 

When there is no wind the rays may be found by means of Fermat’s 
principle of least time but when the atmosphere is moving steadily we 
need a variational principle which will give both Milne’s equations and 
the equations (8). 


® E. A. Milne, loc. cit., See also Stewart and Lindsay Acoustics. (Van Nostrand, 1930) 
Ch. x11. p. 312 ff. 
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To obtain such a principle we introduce an auxiliary variable s and 
an auxiliary quantity 6. Using primes to denote differentiations with 
respect to s we consider the variation of the integral 


[= [ Bas (17) 


Be = Ix! + my’ + nz’ + 011 — 2? — m? — n?) (18) 
a+lu+ mv + nw (19) 


where 


c 


and where b,/, m,n, x, y, z are the quantities to be varied, wu, v, w, a being 
regarded as known functions of x, y, x which, like /, m, n, are regarded as 
unknown functions of s. 

The equations of Euler and Lagrange for this variational problem are 


127+ m?+ n? =1 (10) 
x’ — 2b] = Bu, y’ — 2bm = Bz, 2’ — 2bn = Bw (20) 


“( l ) OB (=) OB -(~) OB : 
a= <=> = —y¥ = ’ . (21 
ds\ ¢ Ox ds\ ¢ Oy ds\ ¢ Oz ) 


It is readily seen from these equations that 








lx’ + my’ + nz’ — 2b = Bilu + mo + nw) = Bc — a) 


or 2b=Ba. 
On account of (10) the equations (21) take the form 


d/l B/ ou Ov Ow da 

_— —) 41 +m + n— + )=0 
ds\ ¢ c\ Ox Ox Ox Ox 

d/m B/ ou Ov Ow Oa 
“( )+ (: +m—+n +-— 
ds\ ¢ c\ dy oy dy oy 
d/n B/ ou Ov Ow Oa 
“(~) + =( —+m—+h + ~) 
ds\ ¢ c\ 02 Oz Oz Oz 


Defining the time ¢ by the relation Bds=dt, the integral J becomes 
simply /dt and the equations (20) and (22) becomes respectively 
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and 
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dt Ox Ox 
d Ou Ov Ow Oa 
eo ee (23) 
“aie oy y dy dy 
d/n Ou Ov Ow da 
c—(—)+/1 +m +n = (. 
di\c Oz Oz Oz Oz 


These equations are equivalent to (8) and (16). They indicate in fact 
that k = (d/dt) (log c) 

This is readily verified as follows: 

We have actually 


dv Ow Ow Ov Ou Ow 
b= ee Sad adil + mn (+ ~) +n(~ +) 
) Oz Oz Ox 





Ov Ou 0a Oa da 
+ Im — + —)+l—+m—4+21— 
Ox dy Ox Ox dz 


dc dl dm dn da Ou Ov Ow 
— = u— 0 + w+ (w+ a) +l1—+m +n- =) 
dt dt dt dt Ox Ox Ox Ox 








Ou Ov Ow 
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+ (w+ an) — ee + n— 
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= k(ul + om + wn + a) = 


3. Doppler’s principle for the moving atmosphere. 


The chief result of the present investigation is that when the integral 
I is stationary in value it represents the time along a ray. Taking two 
consecutive rays through the same initial point the difference in times, 
5t, along the two rays is equal to 6/ for one of the rays and this is equal to 


(l;6x1 + m6 V1 a 621) ley 


where the quantities /;, m1, 1, %1, V1, 21, a: refer to the end point of the 
ray and 6x1, 6, 52; denote variations of the co-ordinates of this end 
point. 

This result enables us to calculate the difference in times from a point 
O to two neighbouring points P and P! when we know the velocity of 
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sound at P, the wind velocity at P and the direction of the wave-normal 
at P. If we know m, 2, w:, a; we can find /,, m, and m, when the times of 
travel to P and two suitably chosen neighbouring points are known. 

In the particular case when there is no wind at P the increment of 
time 6¢ is given by the well known formula’ 


a6t = 1,54, + myby1 + 14621 


even though there may be wind at the starting point O. When the two 
consecutive rays start from two neighbouring points xo, Vo, 20, to, Xo +4xo, 
Yotdyo, 20+620, fo +dto, the increment of time 6¢ when the rays are re- 
ceived at the points (m1, yi, %1, 4), (ti t6%1, vi +691, 21 +621, 4+5t) re- 
spectively is 


1 1 
— (1,601 + myby, + 1621) — —(Ipdx9 + modyo + 20520) 
Ci Co 


but it is also equal to 6¢;—6¢. Writing 
6X0 = U pbto, 5Yo0 = V odlo, 620 = W o6to; 6x1 = U 36t;, by1 => V :6t;, 621 = W bt; 


we have the equation 








51 E LU, a= mV, a nyWy | | loUo oo MoV 6 ot NoW | 
: Lyty + myv, + yw, + ay oe Lotto + modo + NoWo + ao 


which represents a general form of Doppler’s principle applicable when 
the source of sound and receiver are both in motion and the wind 
velocity is different in different places. When the source and receiver 
are both stationary there is no Doppler effect. This is true also when 
both source and receiver move in directions tangent to surfaces of equal 
phase. This result is to be expected because when the motion of the 
atmosphere is steady the equation H =O does not contain the time ex- 
plicitly. It should be emphasised that the equation H =O is obtained 
most readily by assuming that the surfaces @ = constant are moving sur- 
faces of discontinuity of the solutions of the equations P. It is usually 
supposed, however, that sound waves are periodic. If we assume that 
there is a velocity potential ¢ in the prescribed motion of the atmosphere 


7 Handbuch der Geophysik, herausgegeben von B. Gutenberg, Bd. 4. 
§ A particular case of this equation was given in an earlier paper. Monthly Weather Re- 
view, January, 1918. The atmosphere being supposed to be stratified in horizontal planes. 
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and also a velocity potential ¢’ in the perturbed state, there is a partial 
differential equation for ¢’ which may be written in the form® 





da 06’ dc 06’ da Aq’ df 1 /dq’ 
wee ee ee L(y) 
Ox Ox Oy Oy dz Az dit_a?\ dt 
if external forces like gravity are the same in both the prescribed and 
perturbed motion. When u, 2, w and a are functions of x, y, z but not of ¢ 


the equation for ¢’ does not contain the time explicitly and so possesses 
solutions of the form 


@’ = e™X(x, y, 2). 


This shows that there is no Doppler effect when the source and receiver 
are both stationary. This reasoning, however, is of limited applicability 
because there are few cases in nature in which there is a perfectly steady 
irrotational motion. The motions actually observed are either of the 
steady viscous type in which the viscous forces are important or of the 
unsteady turbulent type in which viscous forces are of appreciable mag- 
nitude only in the neighbourhood of the boundaries and the immersed 
solids. 

When the conditions are unsteady there may be a Doppler effect 
even when the source and receiver are both stationary.!° A simple way 
of testing this would be to work in a place where there is a good echo. 


* The quantity o represents the logarithm of the density. 

'© ‘The formula proposed in Monthly Weather Review, xxxxv (1917), p. 441, was intended 
for the case of unsteady conditions. Judging from the present results it is probable that the 
formula should be replaced by one of a more complicated character. It is possible that more 
than one frequency will be observed. 











SOUND PICTURES: FUNDAMENTAL PRINCIPLES AND 
SOME FACTORS WHICH AFFECT THEIR QUALITY 


By FRANKLIN L. Hunt 
Bell Telephone Laboratories 


FUNDAMENTAL PRINCIPLES 


Sound pictures are not of recent origin. For the past forty years 
experiments in which the phonograph has been combined with the mo- 
tion picture camera have been in progress, but motion pictures as we 
now know them have been impractical until recently because of several 
fundamental limitations. In the early attempts to make sound records 
it was necessary for the speaker to stand in front of a horn which was 
connected to the diaphragm which operated the recording stylus. It was 
the direct energy of the speaker’s voice which was used to engrave the 
record, To obtain satisfactory results the actor had to stand directly at 
the mouth of the horn. Obviously under these conditions the freedom of 
action required in dramatic sound pictures was impossible. Again in re- 
production the energy which could be brought back into the room in the 
form of sound was limited to that which could be picked up mechanically 
from the record and carried directly to the vibrating diaphragm to which 
the reproducing horn was attached. 

Sound pictures in the modern sense had to wait for the development 
of the vacuum tube amplifier. This made it possible to enormously 
amplify the energy applied to the recording and reproducing elements 
by the introduction of the electrical methods in recording and reproduc- 
tion which are now universally used in sound pictures. In the electrical 
method a microphone is substituted for the horn and diaphragm used in 
acoustic recording. The output of the microphone is amplified by vac- 
uum tube amplifiers and enough energy is thereby obtained to operate 
an electromagnetic recording device. Under these circumstances, not- 
withstanding the feeble output of the microphone, it is possible for the 
actor to be from three to twenty feet from it and in the case of orchestral 
recordings as far as fifty feet away. The freedom of action requisite in 
dramatic sound pictures, which now forms so large a part of sound 
picture presentations, was thus made possible. 

In reproduction by the electrical method a like advantage is obtained. 
The output of the reproducing device associated with the record is 
amplified by powerful vacuum tube amplifiers and energy thereby ob- 
tained which, when applied to electromagnetic loud speakers behind the 
screen, is adequate to fill the largest auditoriums. 
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Early sound pictures also suffered from lack of effective synchroniza- 
tion and speed control. These difficulties have been overcome by the 
introduction of electrical interlock systems and electrical methods of 
speed regulation which maintain the velocity constant within 0.2 per 
cent. 

Two methods of recording are now used in commercial sound pictures; 
(1) the record may be made mechanically in wax, or (2), recorded photo- 
graphically on film. Wax recording is the older art. It dates back to the 
invention of the phonograph by Edison. In the modern application of 
this method the amplified currents from the microphone are applied to 
an electromagnetic recorder which consists essentially of an electro- 
magnet with a rocking armature between its poles. The armature is 
surrounded by a coil of wire to which the amplified voice currents are 
applied. The recording stylus is attached to the vibrating armature. 
The record is made in a disc of soft wax. It may either be recorded as a 
wavy line of constant depth which is known as the lateral cut record or 
as a series of depressions in the surface of the wax of varying depth which 
is known as the hill and dale method. At the present time all commercial 
disc sound picture records are made by lateral cut recording. 

Between the recording in soft wax and the hard disc record which is 
used for reproduction in the theater a series of electrochemical processes 
is involved. The surface of the wax record is first treated by applying a 
thin coat of powdered conducting material. A heavy deposit of copper 
is then made electrolytically on the surface of the wax after which the 
original wax record is stripped from the copper and discarded. This 
first copper deposit is known as a master record. On it the record ap- 
pears in the form of a fine line raised slightly above the surface of the re- 
cord. A separating fluid is applied to the surface of the master after 
which a heavy deposit of copper is made electrolytically on the master. 
The two are then separated and the metal mold is thereby obtained. 
This is identical with the original wax record in that the record appears 
as a depression below the surface of the metal. Sub-masters or stampers 
identical with the original master are obtained by depositing copper 
electrolytically on the surface of the metal mold. A thin flashing of 
nickel or chromium is applied to the surfaces of the sub-masters to make 
them durable and they are then attached to hydraulic presses to stamp 
out the records used in the theater. The record is essentially a mixture 
of shellac and earth filler. The latter has abrasive qualities and is used 
to form the needle in the groove and to help withstand the enormous 
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pressures developed at the needle point, which may amount to as much 
as 50,000 pounds per square inch. These records are essentially the same 
as ordinary phonograph records. 

Reproduction from disc records is effected by the use of a phonograph 
reproducer. This consists of a magnet between the poles of which is 
located a rocking armature to which the needle is attached. A coil of 
wire surrounds the armature. In reproduction the armature is vibrated 
by the needle as it follows the record groove, thereby inducing currents 
in the armature coil which vary in intensity in accordance with the 
sound record. The feeble output of this coil is amplified by vacuum 
tube amplifiers and then applied to the loud speaker behind the screen. 
The loud speaker is itself an electromagnetic device which consists of a 
powerful electromagnet with a coil of wire between its poles to which the 
reproducing diaphragm is attached. Application of the amplified cur- 
rents from the reproducer to the coil of the loud speaker causes the 
speaker diaphragm to vibrate which in turn radiates its energy to the air 
in the form of sound. 


Sound records on film are made by either of two methods. First, a 
series of striations of varying density which conform to the variations in 
intensity of the recorded sound may be made on the moving film. This 
is called the variable density method. Second, the record may be ob- 
tained in the form of a serrated line of varying width and constant 
density. This is known as the variable area method. In both cases in 
commercial sound pictures the film is propelled at a constant rate of 
ninety feet per minute. 

The variations in the intensity of the light which reaches the film are 
obtained in the variable density method of recording either (1) by the 
use of a light valve, or (2) a flashing lamp. The light valve consists of 
two fine duralumin ribbons located parallel to each other, .001 of an 
inch apart, in the field of a powerful electromagnet. These two ribbons 
constitute a conducting loop to which the fluctuating voice currents 
from the microphone amplifier are applied. Under these circumstances 
the separation of the ribbons will increase and decrease in accordance 
with the fluctuations in the voice currents. Light from an incandescent 
lamp is focused on the light valve and that which passes through is 
brought to focus on the film in the form of a narrow line .0005 of an inch 
wide and .128 of an inch long. The exposure of the film and hence the 
density of the striations will vary in accordance with the amount of 
light which passes through the light valve. 
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The same result can also be obtained by applying the amplified voice 
currents to a glow lamp, called a flashing lamp, such that the intensity 
of the light developed by the lamp varies directly as the amplified voice 
currents. Light from this lamp, by suitable optical arrangements, is 
brought to focus on the film in the form of a line of the same dimensions 
as in the case of the light valve. 


Records by the variable area method are obtained by applying the 
amplified microphone currents to a recorder which operates on the 
principle of the mirror oscillograph. The light reflected from the oscillat- 
ing mirror of the recorder is passed through a narrow slit and hence to 
the film. The result is a record of constant density bounded on one side 
by a straight edge and on the other by a serrated line. 


In practical sound picture recording the sound record is ordinarily 
made on a separate film from the picture record. Both the sound and 
picture negatives are separately subjected to the well known processes 
of photographic development. The sound track and picture are then 
both printed on the same positive film, the sound track appearing after 
development as a narrow band .1 of an inch wide at one side of the 
picture immediately inside of the sprocket holes. It is this combined 
print which is delivered to the theater for projection. There is one ex- 
ception to the statement that the sound track and pictures are recorded 
on separate films and that is in the taking of sound newsreel pictures. 
In order that this equipment may be light and portable, arrangements 
are made to record the sound track and the picture simultaneously on 
the same film. The developing process for both negative and positive is 
now largely carried out by continuous automatic developing machinery. 

Reproduction from both variable density and variable area records 
is effected by focusing light from an incandescent lamp on to the sound 
track in the form of a narrow beam .001 of an inch wide and .08 of an 
inch long. On the opposite side of the film is a photoelectric cell which 
receives the light which is passed through the film as the film moves be- 
tween the light source and the photoelectric cell. The sound track is 
scanned by the narrow beam of light and an amount of light is permitted 
to enter the photoelectric cell which varies in intensity in accordance 
with the variations of density in the variable density records or the 
relative amount of exposed and unexposed parts in the variable area 
record. The electric output of the photoelectric cell which varies in 
accordance with the sound record is amplified and then applied to the 
electromagnetic loud speakers already described. 
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This briefly summarizes the principles which operate in the recording 
and reproduction of sound pictures. We will now proceed to a considera- 
tion of some of the factors which determine the degree of faithfulness 
with which the equipment reproduces the original sound. 


FREQUENCY RANGE 


The range of frequencies which the human ear can hear is from ap- 
proximately 20 to 20,000 cycles per second. From the point of view of 
sound recording and reproduction there is very little below 30 cycles per 
second or above 14,000 cycles per second which is significant. The 
effective limits for speech are from 80 to 8000 cycles per second. The 
pipe organ is the only musical instrument which has fundamental fre- 
quencies below 30 cycles per second which need to be considered. The 
bass instruments of the orchestra such as the bass viol, tuba and bass 
drum have fundamental frequencies at about 40 cycles per second. At 
the other end of the frequency range are found the overtones of the per- 
cussion instruments such as cymbals and snare drum which have char- 
acteristic frequencies up to approximately 14,000 cycles per second. The 
rattle of a bunch of keys also has characteristic frequencies at this same 
upper limit. 

Commercial sound picture systems now reproduce in the theater fre- 
quencies from approximately 50 to 5000 cycles per second. Recording 
and reproduction equipment has reached a state of experimental devel- 
opment such that there is hope of eventually extending the commercial 
range to from 35 to 10,000 cycles per second. But difficulties aside from 
those pertaining to the equipment will first have to be overcome. The 
surface noise of the record material and the background noise of the 
film is markedly increased if the frequency range is extended much 
above the present limits. Improvement in this direction is one of the 
major problems of sound recording. 


LOUDNESS RANGE 


The range of loudness which the ear can tolerate varies over wide 
limits with the frequency. It reaches a maximum of about 140 db at 
1000 cycles per second. This range considerably exceeds the range or- 
dinarily encountered in sound recording and reproduction debarring 
sounds of explosive origin. The range of loudness of the speaking voice 
is approximately 40 db. Orchestral music may cover a range up to 
approximately 75 db. The range between surface noise and maximum 
signal thus far attained in commercial sound picture recording has been 
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‘ding from 30 to 35 db both on disc and film. Improvements in film recording 
dera- are in prospect which will extend the commercial range on film from 10 
Iness to 15 db, thus bringing the total range up to from 40 to 50 db and ~ 


possibly somewhat higher under optimum conditions. This satisfactori- 
ly covers the range required for speech and constitutes a considerable 
advance toward the range desired in recording orchestral music. 


nN ap- ; : aaa 

- ‘A The noise from all sources other than disc or film in the recording and 

eae reproducing systems can be kept, with good maintenance, sufficiently 

. ain low to permit the full use of the recently extended range for film record- 
The ing but a further increase may require at the same time some modifica- 

1 fre tions in the recording and reproducing systems to reduce the electrical 

| The noise which creeps in through interference and vibration. 

bass RECORDING 

a At . . . 

2 per- It has been shown that the per cent of articulation in a room decreases 

ius. as the distance from the microphone to the speaker increases.* The 


The opinion is generally held that the best articulation in sound picture re- 
cording is obtained with the microphone within a few feet of the speaker 


sac but it is also considered that the quality thereby obtained leaves some- 
i Se, thing lacking when used with middle distance pictures or long shots. ~ 
rding This unnaturalness is due to the absence of the sound reflected from the 
amass walls of the set which when added to the direct sound from the speaker’s 
were voice simulates the quality obtained in ordinary rooms under listening 
toaien conditions. This reflected sound is generally desired to give naturalness 
The even at the expense of a slight degradation in articulation. In addition 
of the to naturalness, freedom of action is also obtained by taking advantage 
ome of the sound reflected from the walls of the set even to the extent of ~ 
of Ge permitting the speaker to turn his back to the microphone. This is a 
significant advantage because it has been found that the shadow effect 
of the head may reduce the high frequencies and hence the sibilants and 
consonant sounds, which largely determine the articulation by as much 
- wide as 20 db when the speech is directed 180° from the microphone and no 
db at reflection from surfaces near the speaker takes place. 
ge or- To retain the advantage in articulation of the closeup microphone and 
arring at the same time permit the freedom of dramatic action required, the 
voice microphone is sometimes moved about on the stage, that is, “panned,” 
up to to keep it always near the speaker as he moves about while the record is 
imum 
“ieee * Effects of Distortion Upon the Recognition of Speech Sounds, J. C. Steinberg. J. Acous- 


tical Soc. Am. Vol. I, p. 132, October, 1929. 
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made. This is done at the risk of loss of naturalness and of the complete- 
ness of the illusion that the voice comes from the speaker as he appears 
on the screen. 

Another method which has been used to advantage is to carry out the 
action largely without speech in middle distance shots and then to flash 
into closeup for the speech records. This makes it possible to bring the 
microphone close to the speaker in conjunction with a picture where 
closeup quality without much reverberation would be expected. 

A third procedure recently applied is to attach a directional horn to 
the microphone which gives selectivity when directed toward the 
speaker by eliminating nearly all of the sound except that which comes 
directly from the source. This may be done by using a horn with ab- 
sorbing walls or by placing the microphone near the focus of a parabolic 
sound reflector. Such devices can be used to advantage to eliminate 
extraneous noise such as camera noise and also to approach closeup 
quality from a distance when it is inconvenient to place the microphone 
near the speaker. 

It should be noted in this connection that the quality of the recording 
is effectively independent of the reverberation characteristics of the set 
if the microphone is within approximately three feet of the speaker. 

The quality to be sought in interior sets is that which will most 
nearly simulate the quality which is heard by a listener in the cor- 
responding room. The attainment of this quality is beset with diff- 
culties. The majority of interior sets now used for sound pictures con- 
sist of three walls which represent the three walls of the room in which 
the action takes place. The walls are generally made of thin boards or 
other material with hard reflecting surfaces. When the microphone is 
placed more than a few feet from the speaker in such a set the sound re- 
flected from the walls of the set constitutes a considerable part of the 
_recorded sound. Under these circumstances continually fluctuating 
interference patterns are set up between the direct and reflected sound. 
These may radically change the quality of the recording. It has been 
demonstrated* that a reflecting surface near the speaker may produce 
marked distortion in the quality of the speaker’s voice as recorded by the 
microphone. Measurements of the intensity distribution in sets with 
constant frequency sounds show marked differences in intensity at 
points not more than one foot apart. 


* One Type of Acoustic Distortion in Sound Picture Sets, R. L. Hanson. J. Soc. Motion 
Picture Engineers, Vol. XV, p. 460, (1930). 
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With binaural hearing, since the two ears are at different points in the 
set, these intensity differences are equalized to a considerable extent 
but when recorded with a microphone these interference patterns re- 
sult in the abnormal accentuation of certain frequencies and the abnor- 
mal depression at others depending upon the particular location of the 
microphone. The use of multiple microphones does not help since the 
phase differences of their outputs are added and hence the interference 
effects still persist in unmitigated amount. The fundamental difficulty 
is that we are at present restricted to monaural recording. With this 
limitation the problem is how the interference patterns can be made 
least objectionable. 

One solution obviously would be to eliminate the reflections and 
thereby the interference effects. This can be done by making the walls 
of the sets of material through which the sound will pass to the studio 
walls beyond. If the walls of the studio are absorbing practically no re- 
flected sound reaches the microphone and if reflection takes place at the 
studio walls the sound characteristics of the set will be those of the 
studio. If the walls of the studio are absorbing, the recording lacks the 
reflections which it is generally conceded are desirable to simulate small 
room conditions and if the studio has reflecting walls the acoustic char- 
acteristics of the set will simulate those of a room larger than that 
which the set portrays. These conditions are not without objections 
when naturalness is sought. 


REPRODUCTION 


The character of the sound which reaches the audience in the sound 
picture theatre is dependent not only on the quality of the sound record 
but also on the quality of the reproducing equipment and the acoustic 
characteristics of the auditorium. The high percentage of articulation 
which is obtained with standard reproducing equipment has recently 
been determined by making articulation records on disc and film of a 
trained articulation test group of several men and women and then hav- 
ing the same group listen to the records played back through several 
types of reproducing equipment. The results indicated for standard 
equipment an articulation figure of from 93 to 95% both for film and 
disc. Direct calling from the microphone to the loud speaker without 
the intermediary of the record, all other conditions being the same, 
gave 97% articulation. There should therefore be little difficulty in 
understanding in the theater as far as the equipment is concerned, if 
correctly adjusted. When fidelity of reproduction is considered the 
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situation is less satisfactory. This is in part due to the limited frequency 
range and to the over-accentuation of certain frequencies in some loud 
speakers. The articulation experiments showed that two types of 
equipment can give equally good articulation and yet one give a much 
more natural reproduction of the original voice. 

The effect of reverberation on the acoustic characteristics of audito- 
riums has been the subject of intensive study since the advent of sound 
pictures. Work recently done in this field has been greatly aided by the 
development of a very accurate reverberation meter.* As is frequently 
the case when more accurate tools become available its use has extended 
our knowledge of reverberation phenomena. It has made possible the 
discovery of multiple reverberation times in auditoriums and sound 
studios.** Thus it is found that sound may decay at different rates in 
different parts of the auditorium, for instance, on the floor and in the 
balcony. Similar studies in sound stages with highly absorbing walls 
have led to the development of a new formula for reverberation*** 
which is a generalization of the Sabine formula and has the added ad- 
vantage of being applicable to calculating the reverberation times of 
“dead” rooms. This investigation has had the practical worth of show- 
ing that considerably less absorbing material is required in sound studios 
for a given reverberation time than was previously supposed. 

The optimum amount of reverberation which a sound picture audito- 
rium should have is still a subject of inquiry. It is generally thought that 
it should be somewhat less than for the speaking voice. With the in- 
creased power available from loudspeakers, compared with the human 
voice, it would appear that the amount of reverberation can be reduced 
with advantage to an even lower amount than is now used in many 
auditoriums, particularly where speech is the primary consideration. 


* A Chronographic Method of Measuring Reverberation Time, Wente and Bedell. J. 
Acoustical Soc., Am., Vol. I, No. 3, Part 1, p. 422, April, 1930. 

** Conditions Under which Residual Sound in Reverberant Rooms May Have More Than 
One Rate of Decay, C. F. Eyring. J. Soc. Motion Picture Engineers, Vol. XV, p. 528-1930. 

*** Reverberation Time in “Dead” Rooms, C. F. Eyring. J. Acoustical Soc. Am., Vol. I, 
No. 2, Part 1, p. 217, January, 1930. Schuster and Waetzmann. Ann. d. Phys. March, 1929. 
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A NEW HIGH EFFICIENCY THEATRE LOUDSPEAKER 
OF THE DIRECTIONAL BAFFLE TYPE 


By Harry F. OLson 
Research Division, Engineering Dept. RCA Photophone, Inc. 


INTRODUCTION 


The transformation of electrical into acoustical energy may be ac- 
complished in a multitude of ways. At the present time while practically 
all loudspeakers may be classed as of the diaphragm type, the essential 
distinguishing characteristic lies in the method of coupling between the 
diaphragm and the medium into which sound is to be radiated and in 
the method of driving the diaphragm. In general, loss of coupling be- 
tween the diaphragm and the medium occurs at the lower frequencies. 
Among the common methods employed to increase low frequency radia- 
tion from diaphragms are, namely, the use of large diaphragms, groups 
of diaphragms and various shapes of baffles and horns. 


GENERAL CONSIDERATIONS 


A brief discussion of the function of the essential parts of a directional 
baffle! type of loudspeaker will now be made. A diaphragm vibrating 
with constant velocity coupled to an infinite tube generates the same 


$ ll 





“\. EQUIVALENT C/RCUIT 
Fic. 1. 


acoustic power for all frequencies. Assume that the diaphragm is a 
dynamic cone of mass m coupled to a tube of acoustic impedance R, 
Fig. 1. If the mass m of the cone is chosen so that the acoustic reactance 
of the cone is negligible compared to R for the range in which we are 
interested we will obtain a system that dissipates the same power in the 
acoustic resistance for any frequency within the range. 


1 The term “directional baffle” loudspeaker has been used to designate a large throat horn 
coupled to a cone driving unit. 
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For the infinite tube of constant cross section we will substitute an 
infinite tube of exponentially increasing cross section. It has been shown 
by Webster? that the acoustic resistance at the small end of this tube 
will be a constant for all frequencies above the cut-off frequency. The 
cut-off frequency’ is determined by the rate of flare and may be located 
below the lowest frequency to be produced. If we now cut this tube at 
some point along the length and terminate the open end in air, the action 
will be altered depending upon the cross section of the resulting mouth. 
If this cross section is sufficiently large very slight reflection will occur 
at the transition from the mouth to the medium (air), and the imped- 
ance presented to the cone by the tube will be practically constant above 
the cut-off frequency. The system as before will dissipate the same 
power into the tube for the frequency range we have chosen; and con- 
sequently, neglecting slight reflection at the mouth, will dissipate con- 
stant power into the medium for this range. This system consisting of 
a finite flaring tube of exponentially increasing cross section coupled to a 
dynamic cone essentially constitutes the directional baffle type of loud- 
speaker. 

In the d’Alembertian‘ wave equation for the axial motion in an ex- 
ponential horn it is assumed that the phase is the same over a plane 
normal to the axis of the horn. This condition is practically satisfied 
provided the cross section is not greater than a wave length. It has been 
found experimentally that, for any particular frequency within the 
transmission band, additional length of horn beyond a certain point 
(the radius of ultimate impedance) does not affect the performance of 
the horn. That is, the working portion of the horn decreases with in- 
crease of frequency. Therefore, in a horn in which the axis is a straight 
line, the condition of the same phase over a plane normal to the axis is 
automatically satisfied. 

To maintain the same phase over a plane normal to the axis in a folded 
or curled-up horn is exceedingly difficult. The condition is practically 
satisfied provided the diameter at any bend is less than the wavelength 
of the highest frequency reproduced. This places a limitation upon the 
amount of folding or curling that may be accomplished without im- 
pairing the horn action. If these conditions are not satisfied, destructive 
interference will result, and in addition certain portions of the horn will 


2 Webster, Journal of the National Academy of Sciences, 1919, pp. 275-282. 
3 C. R. Hanna and J. Slepian, A.I.E.E., 1924. 
4 Webster, loc. cit. 
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act as a reflector for the higher frequencies. These conditions ultimately 
result in a non-uniform response characteristic. 

To obviate any possibility of a non-uniform frequency characteristic 
due to folding, we have employed exclusively a horn with a straight 
line axis. By the use of a large throat horn this objective may be ac- 
complished without resorting to excessive length. 

The low frequency cut-off of a finite exponential horn is determined by 
the rate of flare and the mouth opening. When the cut-off frequency has 
been set the mouth opening and rate of flare are fixed. There is now one 
remaining factor that determines the length of the horn, namely, the 
throat area. 

At this point we will digress to point out the limitations imposed upon 
the size of the theater loudspeaker. In motion picture theaters in many 
instances the space behind the screen is limited; and in theaters having 
a stage presentation in addition to the motion picture, portability is a 
great factor. In view of the fact that the space occupied by the loud- 
speaker is an important factor it is essential that the loudspeaker be as 
short as possible. To accomplish this objective it is necessary that the 
throat be made as large as possible. The question then arises as to the 
proper driving unit that will properly match the acoustic impedance at 
the small end of a large throat horn. In the analysis which follows it 
will be shown theoretically and substantiated experimentally that a cone 
type of unit can be designed for a large throat exponential type of horn 
to yield high efficiency and good fidelity of reproduction over a wide fre- 
quency range. The type of loudspeaker® now being supplied with RCA 
Photophone equipments has been designed in accordance with the 
principles discussed in this analysis. 


THEORETICAL CONSIDERATIONS 


The loudspeaker discussed in the following theory comprises a num- 
ber of essential elements each of which has certain acoustical constants. 
These are indicated in Fig. 2 and are as follows: 


(1) A large throat horn, Z;. 

(2) A paper cone and voice coil, M.. 

(3) A box, Cz, having a felt back, R. 

(4) An air chamber between the cone and horn, C). 
1. The Horn: 


The horn used in this loudspeaker is of the exponential type. The 


® Photophone Loudspeaker P. L. 30. 
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equation expressing the area at any distance X along the axis is given 
by 
S=So e™* 
where S)=throat area 
S =area at a distance X along the axis 
m = flaring constant. 


The impedance characteristic and the directional characteristics of a 
horn are of paramount importance in predicting the usefulness of the 
horn. The theoretical prediction of the directional characteristics will 
be relegated to another paper. The impedance characteristic of this 
horn will now be derived. 

By a suitable modification the d’Alembertian wave equation’ for the 
axial motion in an exponential horn is 


ee 





“+ K*o = (1) 


The solution of equation may be written in the form 


@ = e**[A cos bx + B sin bx ei! (2) 
where a= —m/2, 
b= 1\/4K?—m?, 


K =21r/d, \=wavelength, 
w=2znf, f=frequency. 


The pressure at any point in the horn is given by 
p= od = iwpe**[A cos bx + Bsin bx |e". (3) 


The volume velocity’'* at any point in the horn is given by 


dg 
V=- = = — S[ae**(A cos bx + A sin bx) 
x 
+ be**(— A sin bx + B cos bx) Je (4) 


where p=density of air. 


We have now derived the expression for the pressure and volume 


6 Webster, loc. cit. 

7 In the acoustic analysis of this sytem pressure and volume velocity will be employed. In 
dealing with the mechanical system, force and linear velocity will be used. In the first system 
the total impedance is Z (per sq. cm.) divided by S whereas in the latter system it is Z S. 

8 Stewart and Lindsey, “Acoustics,” 22 and 23. 
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velocity for any point in the horn. We now desire the pressure and vol- 
ume velocity at the throat in terms of the pressure and volume velocity 
at the mouth. 

The impedance at the throat is given by Z:=9,:/V:. At the mouth 
the impedance is given by Z2=f2/V2. 

We now have four equations containing A, B, pi, Vi, p2, and V2 from 
which we may eliminate A and B and obtain the ratio of p; to Vi, the 
impedance Z, at the throat of the horn. This impedance in terms of Z2 
is given by the expression 

i . 42 008 (61 $) + isin (dl) (5) 
pc 
iZ» sin (bl) + Ps cos (61 + ¢) 





where /=length of the horn 
@=tan-'a/b 
S,=throat area 
S2=mouth area. 


It has been shown by Crandall’ that the resistive component of the 
impedance at the mouth of the horn may be expressed by"® 


pc J\(2KR) 
dei (1 2 a), Sy = eR (6) 
aR? 





The reactive component may be expressed by 


X2 = pc (os) 





S: = R?. (7) 
wR?\ 2K2R? 


The impedance Z; for the mouth of the horn is 
Zz = Re + iXe. (8) 


We are now prepared to calculate the impedance at the small end of 
t ie horn by substituting the values of Z, above in equation (5). 


2. The Cone Unit: 


The unit of this system consists of a paper cone fitted with an alum- 
inum wire voice coil. An air chamber couples the area of the cone to the 


® Crandall, “Theory of Vibrating Systems and Sound,” p. 170. 

10 These expressions are the same as those of a piston in an infinite plane. Strictly speaking 
this is not a rigorous representation of the impedance at the mouth of the horn. However for 
practical purposes in this problem these expressions are sufficient to indicate the action. 
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throat of the horn. (See Fig. 2). The back of the cone is enclosed by a 
box with a felt back. The various components of this system will now 
be discussed. 

The inertance" of the cone and voice coil is given by 


where m=the mass of the cone and voice coil 
A =the area of the cone. 


We have assumed that all parts of the cone move in phase. Obviously 
at the higher frequencies this is not the case. However due to the heavy 
load imposed upon the cone and the use of a corrugated cone this con- 
dition is practically satisfied to 2500 cycles. The acoustic reactance of 
the cone and voice coil is 


Ag =: (10) 


3. Cone Box: 


The impedance presented behind the cone must now be considered. 
Crandall" has derived an expression for the impedance presented to a 
piston in an infinite plane. Experiments" conducted upon cones in flat 
baffles indicate that the size of cone employed in this unit behaves as a 
piston to approximately 3000 cycles. The further stipulation that the 
side of the box containing the cone shall be an infinite plane is fulfilled 
for the range in which the impedance referred to is of appreciable magni- 
tude. 

With the above justifications we are prepared to express the imped- 
ance presented to the back of the cone. This consists of two parts: the 
resistive and reactive components. The resistive component is given by 
ame (1 — —) R’ = Radius of cone. (11) 
aR’? KR’ 


Rp 





The reactive component is given by 


pc (K,(2KR’) 
Si a 
wR'?\ 2K2R” 


11 Stewart and Lindsey, “Acoustics,” 23. 
22 Crandall, loc. cit. 
18 Wolff and Malter, Journal Acoustical Society, vol. II, 1930. 
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The air chamber behind the cone is enclosed"by a box which has a felt 
back. The purpose of the felt is to absorb any sound striking it and thus 
prevent standing wave systems which would cause abrupt changes with 
frequency in the impedance presented behind the cone. At the higher 
frequencies the absorption of the felt is practically unity and the sound 
wave flows from the cone into the felt. At low frequencies however the 
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absorption is very small and as a consequence a capacitive reactance is 
presented to the cone. We will assume the most unfavorable condition, 
in which the absorption is zero. The capacitance of the box is then given 
by 
’ V 
CC; = — (13) 
pc? 





where V = volume of the box 
c=velocity of sound 
p=density of air. 
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The acoustic capacitive reactance presented to the cone in series with 
the horn load is 


Xpe ee Se ees (14) 


This equation holds until the dimensions of the box are comparable to a 
quarter wavelength. Above this frequency the absorption due to the 
felt is practically unity and also the impedance due to the box may be 
neglected. 


4. The Air Chamber: 


The purpose of the air chamber is to act as a transformer between the 
area of the cone and the smaller area of the throat of the horn. In ac- 
complishing this a capacitance results which is indicated by C; in Fig. 2. 
The capacitance of the air chamber is given by 

Vv 
C.=—- (15) 
pc- 


The acoustic capacitive reactance of the air chamber is 
9 


a a es (16) 


wV 


We have now obtained expressions for all the important impedances in 
the acoustic system. 


Equivalent Electrical Circuit of the Loud Speaker and Efficiency: 


The equivalent electrical circuit of the entire acoustic system is shown 
in Fig. 2. The acoustic impedance at the point F will be indicated by the 
expression 


Zr = Rr + ixr. (17) 
The mechanical impedance of the acoustic system at the point F is 
g=r+ix = A?(Rr + iXr) (18) 
where A = the area of the cone. 


In the case of moving coil loudspeaker the motional impedance" is 
given by the expression 


14 Kennelly and Pierce, Proc. A.A.A.S., vol. 48, 1912. 
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OI Sie ix\. ” 
Zn - Ru + 1X io (—~) (Bl) (19) 


where B= flux density 


and /=length of wire in the voice coil. 


The principal object in obtaining the motional impedance is to predict 
the efficiency®:* which in turn indicates the performance of the loud- 
speaker. The efficiency is given by the expression 


Rm 


Ef. = ———_— 
I Rn + Ra 


(20) 


where R,,, = motional resistance 


Ra=damped resistance of the voice coil. 


RESULTS 


In the preceding section we have derived expressions for all the im- 
portant impedances in the acoustic system. The problem in this type of 
loudspeaker is to apportion these various impedances so that a uniform 
output of acoustic energy over a wide frequency band will be obtained. 

The response and dynamic characteristics of a six-inch cone!’ were 
found best adapted to this type of loudspeaker. As will be seen from the 
equivalent circuit Fig. 2, to maintain a uniform dissipation in Z; it is 
important that the mass of the cone be small. This was accomplished by 
employing an aluminum wire voice coil and an extremely light rigid 
paper cone. The non-uniform frequency response at the higher fre- 
quencies commonly encountered when light paper of high stiffness is 
employed was obviated by suitable corrugation of the cone. 

The size of throat that will present a tolerable acoustic impedance to 
the cone, and at the same time not impair the high frequency response 
due to absorption along the walls or cause destructive interference in the 
air chamber, is 4” X4”. The mouth of the baffle (43” X58”) was chosen 
so that good radiation characteristics will be obtained at low frequencies. 
This is evidenced by the curve R2, Fig. 3, the acoustic resistance of the 
mouth of the loudspeaker. It was decided to limit the length of the 
baffle to 50 in. which places the cut-off due to flare in the neighborhood 
of 100 cycles. The impedance characteristic (Ri, X:) at the throat is 


16 FE. C. Wente and A. L. Thuras, Bell System Technical Journal, January, 1928. 
1 C. R. Hanna, A.I.E.E., 1928. 
1 C. W. Rice and E. W. Kellogg, A.I.E.E., 1925. 
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shown in Fig. 3. Due to the finite length of the baffle the acoustic resist- 
ance falls off in a series of decreasing maxima. This reduction in re- 
sistance is compensated for by the reduction in reactance in other parts 
of the system and as a consequence the dissipation in R; is not materially 
decreased at the lower frequencies. The primary objective is to main- 
tain the dissipation in this resistance as uniform with frequency as 
possible. 

The capacitive reactance X gc due to the cone box is shown in Fig. 3. 
The size of this box was chosen so that the reduction in current in the 
equivalent circuit in Fig. 2 is not appreciable above 100 cycles. 
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R, Throat Resistance 

Xi Throat Reactance 

R, Mouth Resistance 

X2 Mouth Reactance 

Circ Air Chamber Reactance 
Cgc Cone Box Reactance 

Rp_ Resistance—Back of Cone 
Xp Reactance—Back of Cone 


FREQUENCY IMPEDANCE CHARACTERISTICS OF THE COMPONENTS 
OF THE ACOUSTIC SYSTEM 


Fic. 3. 


The reactance Xic¢ due to the air chamber is shown in Fig. 3. The 
dimensions of the air chamber were chosen so that destructive inter- 
ference was eliminated up to the highest frequency reproduced. The 
separation between the air chamber and diaphragm is 1/8 in. which al- 
lows the diaphragm to perform the large excursion necessary for full 
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power output at the lower frequencies. The tesulting capacitance re- 
sulting from this volume increases the dissipation in Z, due to the im- 
proved power factor. 

The reactance Zz presented to the back of the cone is shown in Fig. 3. 
This reactance reduces the dissipation in the impedance Z, but this re- 
duction is not extremely large when cognizance is taken of the mass 
reactance of the cone. 

The theoretical efficiency as determined by equation (20) is shown by 
the curve in Fig. 4. The theoretical efficiency cannot be predicted by 
analysis as outlined here above 2500 cycles because the mode of vibra- 
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tion of the cone above 2500 cycles is not that of a simple piston. Above 
2500 cycles the inherent stiffness of the cone reduces the effective mass 
of the cone. For this reason the output of the cone is greater than that 
of a simple piston. This is a desirable characteristic in view of the fact 
that the acoustic output is increased. 

The motional resistance was determined experimentally and the 
efficiency computed from equation (20). The results are shown in Fig. 4. 

The efficiency of the reproducer was also determined by measuring 
the total acoustic output by means of a calibrated condenser microphone 
and comparing this to the electrical input. Pressure measurements were 
made on the surface of a sphere with the loudspeaker at the center. The 
surface of the sphere was divided into elements and the energy travers- 
ing each element determined. The summation of the increments of 
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energy gives the total energy emitted by the loudspeaker. The meas- 
uring microphone was calibrated by means of a Rayleigh disc. The 
energy emitted by the back of the cone is also included. 

It will be seen from Fig. 4 that the results from the three methods are 
in close agreement. 

As shown by the results in Fig. 4 high efficiency is obtained with this 
type of reproducer. Certain modifications were made in the manu- 
factured reproducers to facilitate construction in a large quantity which 
results in a slight reduction in efficiency from that indicated here. 

The decrease of efficiency with frequency Fig. 4 is not serious when 
cognizance is taken of the fact that efficiency is proportional to the 
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square of the delivered pressure. For this reason efficiency expressed in 
per cent is an extremely sensitive measure of the performance of a loud- 
speaker. Expressed in terms that are more descriptive from the stand- 
point of sound reproduction the maximum variation is approximately 
three decibels. As will be seen from the response and directionai char- 
acteristics the slight difference in the directional characteristics between 
high and low frequencies together with the above efficiency character- 
istic leads to a fairly uniform response characteristic. 


RESPONSE MEASUREMENTS 


At the present time response and directional characteristics are the 
best criterion of the performance of a loudspeaker. The response char- 
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acteristic'® of this loudspeaker was taken on the axis at a distance of 
20 ft. from the mouth in an unobstructed medium (air).'® It is perhaps 
needless to say that response curves made on loudspeakers in rooms 
have an extremely limited significance unless a large number of curves 
are taken and the data carefully analyzed to determine the influence of 
the room. 

The response characteristics (Fig. 6) and associated directional char- 
acteristics (Fig. 7) indicate that the acoustic power delivered by this 
loudspeaker does not show any abrupt change with frequency. This is 
partially accomplished by presenting to the cone an acoustic impedance 
that does not exhibit any abrupt changes with frequency. The uneven 
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response some times encountered in cone type loudspeakers at the 
higher frequencies has been reduced in this loudspeaker to a negligible 
extent by the reduction in mass of the cone and moving coil system, by 
suitable processing of the paper cone and by the load imposed by the 
horn. 


18 The response measurements shown in this paper were made with a microphone calibrated 
by a Rayleigh disc. This gives the sound pressure in the undisturbed sound field. For the 
common condenser microphone the pressure at the microphone is twice that in the free space 
for the higher frequencies. In general in sound motion picture recording the practice is to ig- 
nore this and equalize the system to give uniform electrical output for constant sound pressure 
at the diaphragm. Under ideal conditions this will accentuate the high frequency output at 
the loudspeaker. The argument in favor of this procedure is that it overcomes transfer and 
other losses which occur at the higher frequencies. 

19 L. Malter, Journal Soc. Motion Picture Engineers, xrv (1930), 611. 
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This loudspeaker due to its high efficiency and rugged construction is 
capable of delivering large acoustic outputs (from one to two watts of 
sound energy) without distortion. This factor combined with the direc- 
tional characteristics exhibited by this loudspeaker makes it possible to 
supply a large theater with sounds of good quality with a single loud- 
speaker. 

For theaters that exhibit high reverberation characteristics and other 
acoustic difficulties it is necessary to attenuate the low frequency re- 
sponse of the loudspeaker to obtain the most satisfactory results. For 
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this purpose another loudspeaker employing the same unit as described 
above but with a baffle having a higher low frequency cut-off is used. 
The response characteristic of this loudspeaker is shown in Fig. 8. The 
efficiency and power capabilities of this loudspeaker is the same within 
its response limits as the loudspeaker described in detail above. 

In conclusion the author wishes to express his appreciation to Mr. J. 
Weinberger under whose direction this work was done, to Mr. S. Gold- 
man for valuable aid in computing and assembling the data and to Mr. 
L. Malter who was associated with the author during the early part of 
this investigation. 
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THE MEASUREMENT OF REVERBERATION TIME AND 
ITS APPLICATION TO ACOUSTIC PROBLEMS IN 
SOUND PICTURES 


By F. L. Hopper 
Electrical Research Products, Inc., Los Angeles 


The recording and reproduction of sound pictures has brought many 
new engineering problems. This is particularly true in the acoustical 
field, since the acoustical properties of the enclosures in which sound is 
recorded and reproduced, are of primary importance as an aid toward 
securing a faithful reproduction of the original sound. Inasmuch as 
reverberation time is one of the criteria of the acoustic properties of an 
enclosure its determination is of primary importance as a step toward 
the solution of many of these problems. 

While in many cases reverberation time may be computed with con- 
siderable accuracy, there are others in which measurement offers the 
only practical solution. This may be due to the complexity or variety of 
absorbing materials present, or to a lack of data regarding their absorp- 
tion characteristics. Since absorption is a function of both panel vibra- 
tion and porosity the manner in which the material is mounted has a 
marked influence upon its absorption. Often it will be found difficult to 
secure complete absorption data for all frequencies. 

The disadvantages of the ear method are at once obvious. Short re- 
verberation times are impossible to measure with any degree of accur- 
acy; a variable human element is introduced by the ear; multiple rates 
of decay cannot be detected by this method; and since such measure- 
ments depend upon the determination of minimal audiability, they can 
only be made when extraneous sounds are excluded. 

An electrical method in which the ear is replaced by a microphone, 


and some form of electrical timing device which may be operated by the 


sound after its intensity has decreased below a predetermined threshold, 
would be free from the limitations of the older method. 

Several types of apparatus for measuring reverberation time elec- 
trically have been described in the JouRNAL recently. It is the purpose 
of this paper to describe one method which has been used in field work, 
and to give examples of the varying types of work which have been done 
with it. 

The principle upon which the meter is based is simple. A microphone 
converts the sound energy into an electrical current which is amplified 
and then used to operate an electrical timing device. When the source 
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of sound is cut off, the timing device begins to operate and continues 
until the sound intensity has decreased below some predetermined 
threshold value, at which moment it stops. The elapsed time is then 
found from the timing device. 


Fic. 1. 


Figure 1 shows the meter. This device is designed to meet the follow- 
ing requirements. It is small and readily portable. It is capable of 
measuring reverberation times varying from about 0.3 of a second to 
15.0 seconds. It is arranged to measure the time required for the sound 
to decrease a maximum of 60 db in small progressive steps from 3 db up. 
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It can be used to make measurements in the presence of moderate 
amounts of noise and is sufficiently simple in operation so that measure- 
ments may be made with considerable rapidity. 

An approximate analogue for the decay of sound in a room is found in 
the discharge of a condenser through a resistance. Since the time of de- 
cay may be readily computed from the circuit constants, such a circuit 
may serve as a check for the meter. Several times of decay for various 
values of resistance were measured with this meter giving the following 
results: 


Computed Time from Time Measured 
Circuit Constants By Meter 
Al 42 
85 87 
2.09 2.03 
4.55 4.48 


Problems to which the meter is applicable, and those for which it has 
actually been used, may be divided into two groups; acoustic problems 
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related to recording or pickup, and those involved in the reproduction of 
speech or music. In both groups we are interested in the determination 
and control of reverberation by suitable acoustic materials. This of 
course necessitates the determination of the acoustic properties of the 
materials themselves, and is readily accomplished by chamber reverber- 
ation methods. 

Included in group one are sound stages, sets, stages used for musical 
scoring, and broadcasting studios. In the second are theatres, review 
rooms, and auditoriums or music halls. 

Sound stages, in general, have been treated acoustically in an attempt 
to provide an approximation to outdoor conditions. Materials having a 
large amount of absorption are used, and consequently the reverberation 
times are short. The reverberation time frequency characteristics of a 
typical sound stage, measured with this meter, are shown in Fig. 2. 
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Not only is the acoustic material in the stage effective in providing 
short reverberation times, but it also forms a part of the sound insulat- 
ing structure which prevents extraneous sound from passing through the 
stage walls. By the ear method the determination of the stage’s proper- 
ties would be difficult due to the short times involved. 

Stages used for musical scoring are frequently more live than some of 
those designed primarily for the recording of speech, because a certain 
amount of reverberation has been found to improve the recordings of 
music made in such stages. The reverberation time is somewhat less for 
such a stage than would be the case were the room used for two ear 
listening. Then too, the frequency reverberation characteristics are of 
considerable importance and can only be determined satisfactorily by 





REVERBERATION TIME IN SECONDS 





FREQUENCY IN CYCLES 
Fic. 3. 


measurement. A scoring stage before and after acoustic correction is 
shown in Fig. 3. A portion of the original treatment was covered up 
with a material having less absorption, the resulting difference being 
clearly shown by the figure. Recordings made under both conditions 
are considerably different, an appreciable improvement being noticed in 
records taken in the corrected stage. 

Since, as shown by Eyring,* it is possible to have more than one rate 
of sound decay in a room, measurements will indicate the existence of 
such conditions, which might otherwise remain undiscovered. Practi- 
cally, the existence of two rates of decay is a detriment to good scoring, 
since the notes of higher pitch have too long a hangover, giving an un- 


* “Conditions Under Which Residual Sound in Reverberant Rooms May Have More 
Than One Rate of Decay.” Carl F. Eyring, Society of Motion Picture Engineers, May, 1930. 
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pleasant effect to the music. This usually results from a lack of uniform- 
ity in acoustical treatment. For example, the side and end walls may be 
less absorbent than the floor and ceiling, under which condition the low 
frequencies would be absorbed more rapidly due to the fact that they 
are less directional than those of higher frequencies. Conditions, similar 
to those mentioned above for scoring stages, are experienced in the 
case of direct pickup in the broadcasting of programs from studios. 
The acoustic correction of theatres from a purely commercial point of 
view is extremely worth while due to the increase in intelligibility and 
ease of listening. Theatre patrons while perhaps not associating the 
improvement with acoustic treatment, recognize it, and consequently 
tend to patronize those theatres which afford the best listening condi- 
tions. In the small theatre, the reverberation time may be computed 
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satisfactorily. In the larger theatres, or those in which a large amount of 
surface is exposed, the results of measurement and computation are 
often not in good agreement. Consequently, in some cases it is advisable 
to base recommendations for acoustic treatment upon measurement. 
Fig. 4 shows the characteristics of a theatre as measured before and after 
acoustic treatment. 

The electrical method of measurement is especially adaptable to the 
determination of absorption coefficients by the chamber reverberation 
method. Shorter times may be measured, hence larger areas of material 
may be tested, giving a more average sample. 

It is especially important that the samples be mounted or applied in 
the same way in which they are to be used, since their absorption char- 
acteristics may depend upon several factors such as, porosity and panel 
vibration. This is illustrated in Fig. 5, which shows the absorption char- 
acteristics for a well known acoustic building board. One curve shows 
the normal type of absorption in which no panel vibration is present 
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while the second shows the absorption for the board mounted in such a 
way that it was free to vibrate as a panel. While the difference between 
the two curves may not be entirely due to panel vibration, it serves to 
illustrate the point in question. The necessity for measuring absorption 
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coefficients under conditions of use and over a wide range of frequencies 
is apparent. Fig. 6, gives the absorption characteristics for a rock wool 
blanket having a high coefficient of absorption. Materials of this type 
are used quite generally in sound stage construction. 
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Fig. 7, illustrates two typical sound intensity decay curves taken in an 
empty reverberation chamber. These curves indicate the other extreme 
in reverberation times, which may be measured with this instrument. 

The final degree of satisfaction obtained in listening to recorded or 
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original speech or music depends, to a large extent, upon the control of 
reverberation. This in turn requires the determination of optimum re- 


SOUND INTENSITY IN DB BELOW INITIAL VALUE 





TIME IN SECONDS 
Fic. 7. 


verberation conditions and the provision of materials for obtaining 
them. The usefulness of the reverberation time meter as an adjunct to 
these problems is obvious. 








SOUND TRANSMISSION COEFFICIENTS 
AND REDUCTION FACTORS 


By Paut E. SABINE 


Riverbank Laboratories, Geneva, Illinois 
’ ? 


In a recent paper,' Professor Vern O. Knudsen attempts to reconcile 
the wide differences that exist in the results of the measurement of 
sound transmission through walls obtained by different observers on 
partitions of essentially the same construction. These differences are 
particularly marked in the results of tests made at the Bureau of Stand- 
ards and at the Riverbank Laboratories, wherein as has been pointed out 
by the author? there appeared a difference of about 18 decibels in the 
average reduction of sound intensity by 12 different constructions built 
according to the same specifications in the two laboratores. A part of 
this difference may be explained by a difference in the frequency ranges 
covered. The Bureau of Standards tests give greater weight to tones 
above 1000 vibs/sec. while the Riverbank tests employ more tones be- 
low this frequency. Since the reduction factor is in general greater for 
high than for low tones, the average figures from the Bureau’s measure- 
ments would be higher than those from Riverbank. 

Knudsen suggests that “much of the existing confusion would have 
been avoided if the same term ‘reduction factor’ had not been used with 
different meanings.” He advocates the substitution of the term “Trans- 
mission Loss” expressed in decibels as a term in which to express the 
insulating properties of partitions, and defines this term by the equation: 


T.L. = Transmission Loss = 10 logy (1/7) 


where 7 is the “coefficient of transmission,” or transmissivity of the panel 
under test. This latter term is due to Buckingham.’ If J; is sound 
energy flux (ergs/sq. m/sec.) incident upon one face of the partition, 
and Jr is the sound energy flux away from the partition on the opposite 
side, then 


Jr = TJ ;. 
The total energy transmitted by a panel whose area is S, would be 


JrS = IS. 


1 Measurement and Calculation of Sound Insulation, Jour. Acoustical Soc. of Amer., Vol 
1, No. 1, July, 1930, p. 129. 

2 Jour. Acoustical Soc. of Amer., Vol. I, No. 2, 1930, 

3 Sci. Papers Bur. of Stand. No. 506. 


506 











cile 
of 

on 
are 
nd- 
out 
the 
uilt 
t of 
ges 
nes 
be- 
for 
re- 


ave 


ith 


the 


On: 


nel 


on, 
ite 





1931] PAUL E. SABINE 507 


So defined 7 and consequently “T. L.” is not a function of the acoustic 
properties of the rooms which may be on opposite sides of the partition. 

The term “Reduction Factor” of a partition was first proposed by the 
writer in 1920,‘ and was defined as the ratio of the average intensity in 
the room in which the sound is produced to its average intensity near the 
partition on the opposite side.” 

This term was employed simply as a convenient mode of expressing 
the results of experiments. Effects of both volume and absorbing power 
of the receiving room on the apparent reduction were noted, and at that 
time a standard practice was adopted. This standard practice has been 
adhered to in all the measurements made in this laboratory. Observa- 
tions on the receiving side are always made by the observer listening 
close to the partition, in a small heavily padded enclosure. It will be 
shown subsequently that the reduction factor so obtained does not differ 
to any great extent from 1/7 as defined above. We shall first consider 
the difference in the meaning of the term as defined by the Bureau of 
Standards and that given above. The following is quoted from the 
first article on this subject from the Bureau by Eckhardt and Chrysler. 

“If two rooms A and B are separated by an open window and a sound 
source is operated continuously in A, the average intensity in room B is 
less than that in A. If a partition wall panel is used to seal the window, 
there is a further reduction of intensity in room B. The ratio of intensi- 
ties in room B and A with the panel absent divided by this ratio with 
panel present gives the “reduction factor.” 

This is clearly not exactly the same thing as the earlier definition given 
above. Knudsen states (l.c.) that the Bureau “defines the ‘reduction 
factor’ as the reciprocal of the transmission coefficient. It is by no 
means obvious that this is the case, in view of the definition just quoted, 
and since the flow of energy from A to B through the opening is not 
necessarily the same as the flow from A toward the partition when this 
is in place. Eckhardt and Chrysler’s definition differs from the River- 
bank definition by a factor which is the ratio of the intensity in A to that 
in B when the panel is absent. Thus 


Let Intensity in A 
k= —— with panel present 
Intensity in B 





* The American Architect, July 28, 1920. 
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Intensity in A 
k! = with panel absent 
Intensity in B 





Then, by the Bureau’s definition Reduction Factor =k/k’-k’ is greater 
than unity. Therefore the “reduction factor” as measured and defined 
at the Bureau of Standards should be less than corresponding figures 
obtained by Riverbank tests. As a matter of fact the Bureau’s measured 
values are consistently higher, so that the difference in definition can 
scarcely be evoked in explanation of the difference in results. 

We shall next consider the relation between what has been measured 
in our laboratory and called the Reduction Factor and the reciprocal of 
7 the coefficient of transmission. The experimental arrangements are 
familiar, but for purposes of reference the plan of the Sound Chamber 
and Test Chambers is shown in Figures 1. The measurements consist in 





Fic. 1. Plan of the Riverbank Laboratories. 


timing the reverberation as heard by an observer stationed successively 
in five different positions in the Sound Chamber and then as heard by 
the same observer in the test room at points close to the test panel. 


Let EZ; =acoustic output of the source, ergs/sec. 
t= threshold intensity (ergs/cu.m.) 
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I,=steady state intensity in Sound Chamber 
ki = average intensity in the Sound Chamber when the intensity 
in the test chamber near the test wall is z 
t; = duration of audible sound heard in Sound Chamber 
t2= duration of audible sound heard in Test Chamber 
V,, a:= volume and absorbing power respectively of Sound Chamber 
Ve, d2= volume and absorbing power respectively of Test Chamber 


c=velocity of sound 


AV, 4Ey Vi ofl 
t; = —-log, -| = ——-log, | — }. 
a,c ayCc1 a4 1 


At the time /, the intensity in the Test Chamber is 7, and in the Sound 


Then 








Chamber is &7 then 
4V, ' | 
y= ——— ie tb 
a;/c . ki 
Subtracting, 
4V 
(1) h—h= log. k. (1) 
a\c 


For the Riverbank Sound Chamber, V, is 286 cubic meters so that 


342a,(t; — te) 
logio k= at : = .130a,(t; - te) 
2.3X4X 286 





in metric units, or .0120a(#,;—?2) in English units. a, the absorbing 
power of the Sound Chamber with the test panel in place is known from 
the value of ¢; and the calibration of the Sound Chamber. 

It is apparent that in this analysis we have neglected any contribu- 
tion to the intensity of sound on the further side of the partition due to 
reverberation in the test room. It is equally apparent that this contri- 
bution is small if the reverberation time of the Test Chamber is small 
in comparison with that of the Sound Chamber. For this reason the 
standard practice of making the Test Chamber small and highly absorb- 
ent was adopted, so that the measured constant should not involve to 
any great extent the acoustical properties of the receiving room. 

Buckingham’s analysis, taking account of reverberation in the Test 
Chamber gives the following equation 
az (by — be)e~*4 ayc 


» where b; = —— (2) 
S bien Ps — bye "AW 





rT => 
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and b,=a2c/4V>2. This, as Knudsen showed, reduces to 


dg bs — b; 


; *é 


T= ei (tity) (3) 





when bz is large compared with b,; whence 


by 


1 S 
log — = log — — log (1 - ~) + log k. (4) 
7 a2 b 


? 


Typical values in English units of the quantities of equation (4) for 
the Sound Chamber and the largest of the three Test Chambers of this 
laboratory are given in the following table. 


Pitch 128 256 512 1024 2048 

a2 25.7 34.9 40.6 41 33.7 
a; 33.8 46.2 55.5 59.2 70.5 
b, .92 1.26 1.52 1.62 1.93 
be 80. 108. 126. 128. 105. 
b;/be O11 .012 .012 .0126 .018 
1—b,/b» .989 .988 .988 .988 .982 
S/a2 1.77 $38 1.12 1.11 1.oe 

Log: S/a2—logio 
(1-b,/bs)] 25 12 05 05 13 


To express the Reduction in decibels, as measured by the Riverbank 
tests, in terms of Transmission loss as defined by Knudsen we need only 
to add small corrections as follows: 


Frequency 128 256 512 1024 2048 Ave. 
Correctionindbls 2.5 Be io “a 1.3 1.0 


Clearly the difference is not sufficiently great to be of any practical 
importance or to do very much in the way of reconciling the differences 
that exist in the published data on Sound Transmission. Knudsen’s 
estimate of 6.7 decibels correction to convert Riverbank reduction to 
Transmission Loss is much greater than the facts warrant. 

Data secured in 1922 in the investigation of the effect of acoustic con- 
ditions in the Test Chamber are of interest in this connection. The test 
Chamber as originally built is a rectangular room of brick, hard plaster 
on brick and concrete, with a volume of 690 cu. ft. The arched opening 
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into the Sound Chamber makes a small alcove, adjacent to the Sound 
Chamber. 

Placing removable felt panels at the point indicated gives a small 
highly absorbent space next to the test wall. By the simple expedient of 
removing the panels we thus alter the acoustic conditions in the receiv- 


.| Removable 
” Panels (1' Feit) 


‘ 
ho 
— r 


Observer's ‘ 
Position i Test Partition 





ing space in a marked degree. Let V2 and V2’, a2 and a2’ be the volumes 
and absorbing powers of the small and large space respectively, and let 
k and k’ be the corresponding reduction factors for a given partition. 
The data for the two enclosures are as follows: 


Frequency 128 256 512 1024 2048 
Absorbing Power Volume 

Small Room 25.7 34.9 40.6 41 33.7 90 

Large Room 15.4 17.9 19.1 19.0 20.7 690 
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The tests consisted in measuring the reduction factor of test walls, 
first with the removable felt panels in place, i.e. in a small highly absorb- 
ent space and then with the panels removed. Uniformly, the apparent 
reduction into the small absorbent room was’ greater than when the 
sound was received in the larger more reverberant room. The experi- 
ment was made using six different panels in all. 

The differences in decibels under the two conditions were as follows: 








Frequency 128 256 512 1024 2048 
Diff. in Decibels 50 85 3.1 3.4 1.6 













Neglecting the expression logio(1—0,/b2) which, as we have seen, is 
very small, we have from equation (4) the relation logioK =logiol/r 
+logiod2/S whence logic k/k’ =logio d2/a2’. The agreement between the 
theory and experiment are shown below: 








Frequency 128 256 512 1024 2048 
log k/k’ 05 085 | 34 165 
log d2/d2’ 22 35 .29 Sa 22 



























In view of the difficulty of precise determination of the relative values 
of the absorbing powers and also of timing, particularly for the lower 
frequencies, the agreement shown is surprisingly good, and furnishes 
good experimental evidence of the essential correctness of Buckingham’s 
analysis. 

It may be pointed out that & as defined by the writer becomes identi- 
cal with 1/7 when the reverberation time of the Test Chamber is small 
in comparison with that of the Sound Chamber, and the absorbing 
power of the Test Chamber is numerically equal to the area of the trans- 
mitting panel. 

At various times, tests have been made on panels of the same con- 


struction but of different areas built into different openings into the 
Sound Chamber. The largest of these openings is 6’—2” X7’—5”, and 
the smallest, 3’8’. In each case, the ratio of the cross section of the 
panel to the absorbing power of the receiving room was approximately 
the same for the large as for the small panels. These tests showed, first 
that for a single frequency the reduction factor may be a function of the 
size of the panel, and second, that the reduction factors averaged over 
the whole range of frequencies was within the limits of errors, inde- 
pendent of the size of the panel. 












is 
/t 
he 


1€s 
ver 





1931] PAUL E. SABINE 513 





SUMMARY 


The conclusions reached in the foregoing may be summarized as fol- 
lows: 


1. That in measuring the sound insulating properties of walls, the 
choice of test tones has an important bearing on the absolute value of 
the average figure obtained as a numerical measure of the insulating 
properties of partitions. Standard practice in this regard is desirable. 

2. That the difference on definition of the term “Reduction Factor” 
as measured at the Bureau of Standards and at the Riverbank Labor- 
atories is not the explanation of the difference of results obtained. 

3. That the conditions of test in this Laboratory give average values 
of the reduction in decibels that is of the order of 1 or 2 decibels lower 
than the Transmission Loss as defined by Knudsen. 

4. That the effect of reverberation in the receiving room is in the 
same direction and of the same order of magnitude as indicated by 
Buckingham’sanalysis. 

5. That the average reduction afforded by a given construction over 
the whole range of frequencies is, within the range of experiments cited, 
independent of the area of the test panel, provided the ratio of absorbing 
power in the test room to the cross section of the transmitting panel is 
the same in the two cases. 








BOOK REVIEWS 


Acoustics. STEwART-Linpsay. (Van Nostrand), pp. 358. Price $5.00. 


This book contains a wealth of material of a technical nature which should make it very 
useful as a reference book for the acoustical engineer. It should also fit admirably as an intro- 
ductory text on sound in a course of communication engineering after the theory of transmis- 
sion networks has been covered. Professor Stewart is eminently qualified to write from both 
points of view because of his practical experience in the original development of acoustic filters 
and in the teaching of the subject. The “case method” of treatment mentioned in the introduc- 
tion, that is, the progress from the particular to the general will appeal to all who have had 
experience in teaching this subject. The material content is made much more clearly visib’e 
to an electrical engineer by the avoidance of the distraction of unfamiliar notation. For exam- 
ple, the use of the letter Z for impedance will be found to have considerable pedagogic advan- 
tages. 

Stewart and Lindsay’s book constitutes a contribution to the frankly engineering literature 
in which respect it is substantially different from the older standard treatises. A very large 
class of problems may be treated with good engineering results by the approximate methods 
described. The outstanding simplifications are the “lumping” of constants and the emphasis 
on “steady state” solutions. The first of these, for example, reduces the more rigorous solution 
of problems by means of partial differential equations to that of ordinary equations. Steady 
state solutions have been found practically to be closely correlated with results obtained in a 
large majority of current communication engineering problems, although the number of cases 
involving the study of transient phenomena is becoming increasingly more important. 

The subjects covered are: Fundamental theory; Combination of acoustic elements; Trans- 
mission—change in area of wavefront; Transmission—Changes in media; Transmission 
through a conduit with an attached branch or an open end; Distributed Acoustic impedance— 
Horn theory; The filtration of sound; Acoustic measurements and instruments; Physiological 
acoustics; Sub-aqueous sound ranging and signaling; Architectural acoustics; Atmospheric 


acoustics. 
R. L. WEGEL 
Bell Telephone Laboratories 


A Textbook of Sound. By A. B. Woop, Senior Scientific Officer, Admiralty Research 
Laboratory, Teddington (Macmillan, 1930), 8vo, pp. x1v+519. $6.50. 


This is primarily a text for university students, but is written in the hope “that it may also 
prove of some value to those interested in the more technical, or applied, aspects of the sub- 
ject.” Physical ideas are stressed rather than mathematical methods, but no attempt is made 
to avoid mathematics. Most of the book can be read by a student whose mathematical equip- 
ment does not extend beyond the calculus. 

Mr. Wood has regarded the field of sound “as including not only the range of audible 
frequencies with which the subject was formerly concerned, but also the regions of inaudible 
vibrations of very low and very high frequency.” Parts of the theory must of course follow the 
methods of Rayleigh and Lamb, but Mr. Wood’s point of view is the modern one which makes 
use of the close analogy between the theory of alternating electric currents and the theory of 
sound. The book however is considerably less mathematical than Crandall’s Theory of Vibrat- 
ing Systems and Sound, it is easier to read than Crandall’s book, and it covers a wider range of 
phenomena, The method of treatment is more like that in Barton’s Textbook on Sound. 

Such a wealth of interesting and valuable material on sound is available that any author 
must restrict himself to certain parts of the field. Mr. Wood has treated the voice and speech 
in only four pages, he has devoted less than one page to music, and his discussion of musical 
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instruments is only incidental. On the other hand he has given forty pages to the velocity of 
sound, The material in the book is divided into five sections. The first section is on the theory 
of vibrations, including fourteen pages on oscillations in electric circuits; the second section is 
on vibrating systems and sources of sound; the third is on transmission of sound; the fourth is 
on reception, transformation, and measurement of sound energy; and the fifth is on technical 
applications. 

No author can know all of the literature, and in some places Mr. Wood has omitted refer- 
ence to papers that seem to me important. In the discyssion of the branched interference tube 
there is no reference to the work of G. W. Stewart [Phys. Rev. 31, 696 (1928) ], and among refer- 
ences to possible explanations of zones of silence there is no mention of Wegener [Zeitschr. f. 
Geophysik, 1, 297 (1925)]. 

There are a few statements that seem to me incorrect. With regard to Helmholtz resonators 
Mr. Wood repeats the statement often made that “to cover a moderate range of frequency .. . 
a large number of resonators is required.” More than forty years ago Rayleigh pointed out the 
ease with which a Helmholtz resonator may be tuned by simply rolling a finger over its mouth. 
Inthis way it is possible to use a single resonator for frequencies which range over as much as 
an octave. With regard to the explanation of singing flames Mr. Wood states that E. G. 
Richardson’s experiments “verify Rayleigh’s theory.” It seems to me that Richardson’s work 
shows that Rayleigh’s theory is not entirely adequate. 

However these are small blemishes on a really fine piece of work. One matter which has 
especially delighted me is Mr. Wood’s treatment of the electrically maintained tuning fork 
(mechanically interrupted). At various points in the book there are statements indicating our 
present lack of knowledge. These statements seem to me most wholesome and well worth in- 
cluding. A considerable number of references to original papers add materially to the value of 
the book. The work is scholarly, and is written in an unusually clear style. The book is a valu- 
able addition to the small number of textbooks on sound. 


ARTHUR TABER JONES 
Smith College 
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